

♦OO O^O^^OO 

BIRLA CENTRAL LIBRARY 
PlLANl [ Rajasthan ] 


Class No. 
Book No. 


'hCCGc. 


Accession No. 


O<S>OO0OOOO^ 






GENERAL METALLOGRAPHT 




GENERAL 

METALLOGRAPHY 

RALPH L. DOWDELL 

i- 

Professor of Metallography 
University of Minnesota 


HENRY S. JERABEK 

Assistant Professor of Metallography 
University of Minnesota 


ARTHUR C. FORSYTH 

Assistant Professor of Metallurgical Engineering 
University of Illinois 


CARRIE H. GREEN 

Teaching and Research Assistant 
University of Minnesota 


NEW YORK • JOHN WILEY &: SONS, Inc. 

LONDON • CHAPMAN & HALL, Limited 



IN THE REPRINTING OF THIS flo(Ak(/i^E'^ RECOM- 
MENDATIONS OF THE WAR PRODUOT^pN BOARD HAV^ 
BEEN OBSERVED FOR THE CONSERVATION! 

AND OTHER IMPORTANT WAR MATERIALS. ^ 

TENT REMAINS COMPLETE AND UNABIiIdi 



Copyright, 1943 

BY 

Ralph L. Dowdell 
Henry S. Jerabek 
Arthur C. Forsyth 
Carrie Green 


All Rights Reserved 

This hook or any part thereof must not 
be reproduced in any form without 
the written permission of the publisher. 


PRINTED IN THE UNITED STATES OP AMERICA 


12/43 



PREFACE 


This book is intended for beginning students in metallography or 
physical metallurgy for engineers as an introductory work to the many 
specialized books and the vast amount of technical information being 
published in the field. An attempt has been made to include sufficient 
material for a one-year course and at the same time to make it concise 
enough for shorter courses. 

The order in which various subjects are presented is such that labo- 
ratory work can be arranged to follow along with the course. Many 
years of classroom experience with metallurgical, aeronautical, mechani- 
cal, and chemical engineering students have convinced the authors that 
this arrangement enables these men to grasp the fundamental principles 
readily. 

The authors wish to acknowledge indebtedness to the many books 
and other technical publications. We hav^e tried to give due credit 
to othei* authors for any material ased. By far the most of this mate- 
rial is from the Metals Handbook of the American Society for Metals 
for 1939 and we api)reciate permission to use it . The micrographs are 
from our own collection prepared in the metallographic laboratory of 
the University of Minnesota, with the exception of a few which are 
credited to others. 

Rather definite information about important commercial alloys has 
been includc'd because it was felt that the engineer needs something 
more than a theoretical treatment of the subject. After all, he has to 
work with th(^ alloys availabhi on the market and is definitely inter- 
ested in their characteristics. Some of the tables of physical and 
mechanical properties were included to make this volume more useful 
as an elementary reference book on metals and alloys. 

Ralph L. Dowdell 
Henry S. Jerabek 
Arthur C. Forsyth 
Carrie H. Green 

Minneapolis j Minnesota 
January^ 1943 
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CHAPTER I 
mTRODUCTION 


Metallognphy 

Metallography is the study of the structure of metals and alloys as 
related to their properties. 

Metals and alloys are the most useful of en^eering materials, but 
their full usefulness can be realized only if the proper alloy is selected 
for a given application. To this end a general knowledge of metallogra- 
phy is essential, and it can also help the en^eer to understand the 
behavior of alloys during processing and heat treatment. 

Elements 

Elements are the unit substances of which all matter is composed. 
Each of the 92 chemical elements has a dehnite atomic number and 
definite properties summarized in Table 1. Most of them are solids at 
room temperature although some are gases or liquids. 

Metals 

Over two-thirds of the elements are classed as metals. These are 
characterized by a metallic “ luster ” or high reflectivity of light, high 
electrical and thermal conductivities, and in most cases a capacity for 
being shaped or deformed plastically without rupture. Several ele- 
ments, including carbon, boron, and silicon, resemble metals in some 
respects and nonmetals in others and are called metalloids. A chemical 
distinction between metals and nonmetals can be made generally on the 
basis of the basic or acidic nature of their oxides, the oxides of metals 
being usually base forming. 

In the periodic arrangement of the elements, as given in Table 2, 
they are grouped according to similarities in properties. The elements 
whose symbols appear in bold-faced type may be classed as metals. 

Alloys 

An alloy is a metallic substance containing more than one element. 
It should be pointed out that although most of the alloy-forming de- 
ments are metals, the metalloids, some nonmetals, and even several 
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gaseous elements can combine with metals to form alloys. Ordinary 
steel is an alloy of iron with the metalloid carbon and also contains the 
metal manganese, the metalloid silicon, and the nonmetals phosphorus 
and sulfur. 

Metallic Atoms 

The atom is the smallest particle of an element and is the fundamental 
unit from which the grain structure of a metal is built. Although 
metallography is concerned more with the crystal or grain structure of 
metals, a clear picture of the nature of atoms will help the student to 
imderstand some of the characteristics of metals. An atom is not a 
rigid body but is built up of a small but heavy nucleus about which light, 
negatively charged particles travel in orbits that have been likened to 
those of the planets about the sun. The comparison is not very accurate 
but it serves to illustrate the relatively large size of the nucleus (sun) 
and the small size of the negative particles or electrons (planets), the 
total volume of the atom being analogous to the whole solar system. 
The atom, however, is an extremely small particle, the average volume 
being on the order of 1 X cubic centimeters. The mass of one 
atom is about 1.65 X grams multiplied by the atomic weight of 
the element as given in Table 1. The smallest particle of matter that 
can be resolved with the best metallurgical microscope contains many 
millions of atoms. 

At temperatures above its boiling point, a metal is a monatomic gas. 
The individual atoms are not in continuous contact with each other but 
are in a constant state of motion. The boiling point of a metal varies 
with pressure and the values given in Table 1 are for atmospheric pres- 
sure. 

In the liquid state, between the boiling and freezing points, the atoms 
also have considerable mobility but are in much closer contact with 
each other. In general, there is no permanent bond between neighbor- 
ing atoms but at any temperature there is an equilibrium between the 
attractive forces and repelling forces among the atoms. As the molten 
metal approaches the freezing temperature, the attractive forces become 
relatively stronger and there is some tendency for the atoms to become 
temporarily associated in small groups. These groups are unstable 
above the freezing point and are continually breaking up and reforming. 
Only after the metal has cooled to the freezing point does the condition 
of the equilibrium between attractive and repelling forces reach a stage 
where these groups are stable. 



CHAPTER II 

CRYSTALLIZATION AND CRYSTAL STRUCTURE 


Crystallization 

Below the freezing point all metals are crystalline; that is, their atoms 
are arranged in a definite geometric pattern called the space lattice. 
The transition from the liquid to the solid state occurs in two stages 
which are usually designated, respectively, as nuclei formation and 
crystal growth. During the first stage stable groups of atoms are formed 
which are called nuclei. Within one of these groups the atoms are 
arranged in a definite space lattice. 



Fio. 1. Dendrite of copper mineral (Cu^S) showing crystal growth along crystal 

axes. Actual size. 

During the second stage of crystallization these nuclei grow by attract- 
ing other atoms from the liquid phase into their space lattice. Crystal 
growth continues in three dimensions, usually along the axes of the 
crystal, to give a crsrstallite of a characteristic form called a dendrite. 
Fig. 1 illustrates the characteristic pine-tree shape of a dendrite. Frost 
figures on window panes and the spangling of zinc on ordinary galvan- 
ized iron are examples of the same phenomenon. 
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As freezing progresses the growth of the dendrite continues until it 
is halted by contact with neighboring dendrites. The shape of the 
resultant crystal unit or grain is therefore determined by chance meet- 
ing with adjacent grains during the final stage of solidification. 

Fig. 2 shows the polyhedral grain structure of a commercial grade of 
cast copper which has been polished and etched with acid to bring out 
the grain boundaries. Each grain is a separate crystal unit with its 
own orientation of crystal axes. 

The average size of the grains in a cast metal depends to a large 
extent on how rapidly the metal in the mold freezes. When the cooling 



Fig. 2. Copper as cast. Polyhedral grain structure of a commercial grade of 
cast copper. Etched with copper ammonium chloride. X 50. 

rate is rapid, freezing begins at a large number of points throughout the 
metal, resulting in a large total number of grains and a small average 
grain size. Conversely, a slow freezing rate usually causes a coarse- 
grained structure. 

The shape of the individual grains usually tends to be equiaxed or 
approximately the same size in three directions. In some cast metals, 
however, the grains are columnar in shape, being longer in the direction 
perpendicular to the walls of the mold. This columnar structure is due 
to the fact that freezing begins at the walls of the mold where the heat 
losses occur and progresses toward the center. Fig. 3 illustrates the 
columnar structure in a square ingot and also shows how two sets of 
grains growing in different directions meet along the diagonals of a 
square casting to give planes of weakness. This defect is usually 
accentuated by a concentration of impurities along these planes and 
may cause internal rupture during forging or rolling operations. 
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CRYSTALLIZATION AND CRYSTAL STRUCTURE 


The crystalline nature of metals can be demonstrated by several 
methods. Deeply etched surfaces often show exposed crystal faces in 



Fia. 3. Zinc of commercial grade. Treatment — cast into chilled iron mold. Shows 
columnar crystallization at right angles to the walls of the mold. Reduced one-half. 

the form of etching pits or etch figures as illustrated in Fig. 4. Fre- 
quently, dendrites on the upper surface of a cast metal become exposed 
during freezing as a result of solidification shrinkage and appear in relief 



Pio. 4. Ingot iron deeply etched with concentrated HNOs to show etcl^ng pits 
within one particular grain of the wrought metal. X 900. / 


on the surface of the casting. The most complete information about 
the crystalline nature of metals is obtained by x-ray diffraction studies. 
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Crystal Structure 

In the solid state each metal has a characteristic arrangement of 
atoms and the smallest unit of this pattern is called a unit cell of the 
space lattice. Fig. 5 shows models of unit cells of the three types of 
space lattice most common among metals. The individual atoms are 
not held rigidly in fixed positions in the lattice but actually oscillate 
about the average positions indicated by the model. 

A very large number of different types of space lattices is possible 
and these can be classified, according to their symmetry, into seven 
crystal systems: cubic, tetragonal, hexagonal, rhombohedral, ortho- 



Face-Centered Cubic Body-Centered "Cubic Hexagonal Close-Packed 

Fig. 5. Three common types of crystal structure with the spheres 
representing atoms. 


rhombic, monoclinic, and triclinic. The cubic system has the highest 
degree of symmetry; it is the simplest and it can be studied most easily. 

Most of the metallic elements crystallize in either the face-centered 
cubic or the body-centered cubic space lattice. Several others have 
the hexagonal close-packed lattice. These are the three types illustrated 
in Fig. 5. Several elements can exist in two or more forms, each having 
a different type of space lattice; these are called allotropic or polymor- 
phic, In general, metals whose lattices possess a high degree of sym- 
metry have the highest capacity for plastic deformation. 

The layers of atoms or the planes along which atoms are arranged 
within the crystal are known as atomic or crystallographic planes. 
Various planes intersect the axes of the crystal at different angles, and 
there can be a large number of these if the symmetry of the lattice is 
high. But the important planes are those along which the atoms are 
spaced close together. Plastic deformation in metals occurs by slip- 
page along certain planes called slip planes. In cold or hot working, 
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this slippage generally occurs along the planes that have the highest 
atomic concentration and that are spaced the farthest apart. 

Various crystallographic planes are usually designated in terms of 
Miller indices, determined by the manner in which the planes intersect 
I the axes of the crystal. In Fig. 6 

the principal axes are OX, OF, 
and OZ. Only one unit cube is 
shown, but these axes are con- 
tinuous and along them the atoms 
are spaced at regular intervals. 
Some of the crystallographic 
planes are indicated in the figure. 
The plane XYZ intersects each 
of the axes at unit distance from 
the origin, 0, and it can be said 
that the intercepts of the plane 
with the X, F, and Z axes are 1, 
1, and 1 respectively. The Miller 
indices, in this case 111, are the 
reciprocals of these intercepts, with fractions cleared. The plane HYI 
has the intercepts 3^, 1, 3^ and Miller indices 212. Other planes are 
indicated in Fig, 6. 

By using a model containing more than one unit cell of the space 
lattice, as in Fig. 7,^ it can be shown that there are sets of uniformly 
spaced parallel planes which can be designated in terms of the Miller 
indices of the plane to which they are parallel, as (110), (100), etc. 



Fig. 6. Crystallographic planes. 


X-Ray Diffraction 

The parallel sets of planes in a crystal can be used as diffraction 
gratings with x-rays in much the same manner as fine parallel lines 
ruled uniformly on a surface are used to diffract ordinary light. The 
x-ray diffraction pattern obtained with a given crystal can be used to 
determine the type of space lattice, the arrangement and spacing of 
atoms within the lattice, and other important information about the 
crystal. The interpretation of x-ray diffraction patterns is not simple 
and is beyond the scope of a beginning course in metallography. The 
following pages give only a brief outline of the subject. 

X-rays are transverse waves similar to light waves but their wave 
length is very much shorter, being on the same order of magnitude as 
the spacing of atomic planes of crystals. When a beam of x-rays falls 

^ G. L. Clark, Applied X-Raya, McGraw-Hill Book Co., 1932, Fig. 72, p. 173. 
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(110) Planes 



(100) Planes 



(211) Planes 





(310) Planes (111) Planes (321) Planes 

Courtesy (?. L. Clark 

Fig. 7. Typical sets of parallel planes in a cubic lattice. 


on a metal crystal a portion of the rays passes through the crystal, 
another portion is absorbed, and a third portion is reflected by succes- 
sive layers of atoms or atomic planes. The amount reflected by any 
one plane is very small, but under certain conditions the reflected beams 
from several successive parallel planes can reenforce each other to 
produce a beam of relatively high intensity. The angle at which a 
beam of x-rays must strike a set of parallel planes to give such a diffrac- 
tion beam is given by Bragg^s law: 

nX = 2d sin 6 

where X = wave length of the x-rays 

d = distance between successive parallel planes 
d = angle of incidence and reflection 
n = an integer (1, 2, 3, etc.). 

In Fig. 8 the horizontal lines represent a series of parallel atomic 
planes. ABy A'jB', etc., represent a beam of parallel x-rays of a definite 
wave length, X, which are partially reflected by each successive atomic 
plane in the direction BC, B'C', etc. These reflected beams will 
reenforce each other only if they are exactly in phase with each other. 
In other words, the additional distance traveled by the ray A^B'C' as 
compared with the ray ABC must be exactly one wave length or its 
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multiple, nX. This distance is equal to 2d sin 6 since \/d = sin 0 or 
a: = d sin 9 and the distance 2X = 2x — 2d sin 6. 

By the use of x-rays of known wave length it is possible to measure 
the spacing of atomic planes in crystals. The diffracted beam is 
usually recorded on a photographic film on which the angle 6 can be 
measured and the interplanar spacing calculated by the use of Bragg^s 
law. Each set of crystallographic planes will give diffracted beams at 
several angles corresponding to different values of the integer n. For 
the first order reflections n = 1; second order, n = 2, etc. 



Fig. 8. Reflection of x-rays from atomic planes. 

In some crystals several sets of planes have the same spacing and 
are equivalent as, for example, the (100), (010), and (001) planes in a 
cubic crystal. All these planes will give reflections at the same angle. 
Other sets of planes in the same crystal have different spacing and will 
give reflections at other angles. By rotating a crystal in all directions, 
all the different planes can be brought into the proper position to give 
a reflection. The complete series of reflections is called a diffraction 
pattern. Instead of rotating a single crystal one can use a finely pow- 
dered specimen in which each particle is a crystal unit with its own 
orientation. 

Each type of space lattice gives a characteristic spacing of lines in 
the diffraction pattern which depends upon the spacing of various sets 
of planes in the crystal. For instance, the spacing of various sets of 

. . . .1 1 1 

planes in the body-centered cubic lattice is in the ratio : 

^ , etc., whereas for the face-centered lattice this ratio is 
V8 Vlu V12 

111 . . J_ ,J_ , 

Vi' Vn ' Vu ' Vie ’ * 
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The identification and measurement of the simple lattices found in 
most metals is not particularly difficult and several short cuts can be 
taken in making the calculations. By standardizing on the use of one 
wave length of x-rays and one size of film holder or cassette^ it is possible 
to read the spacing of the lines of the diffraction pattern with a scale 
calibrated to read directly in terms of the spacing of planes in Angstrom 
units (cm X 

In a cubic space lattice of unity (lattice parameter a = 1) the distance 
between planes, d, is equal to a divided by the square root of the sums 
of the squares of their Miller indices. 

~ + l2 -I- l2 

This makes a simple calculation and all families of planes then give the 
same value of a, the edge of the unit cube. 

A check on the lattice parameter can be made by the density formula, 

, . mass 

density = — : ; 

unit volume 

and the experimental density determined from lattice parameters must 
equal actual density. 

Example. For body-centered cubic lattice of iron, 
number of atoms in unit cell = 2 


density = mass of atom of unit atomic weight in grams X molecu- 
lar weight X number of atoms divided by the cube of 
its lattice parameter in centimeters. 


density = 


(1.649 X 10“2^) (55.84) (2) 
(2.86 X 


7.69 g/cu cm 


The face-centered cube of iron would have 4 atoms in the unit cell and 
a lattice parameter of 3.60 X lO”® cm and a theoretical density of 
about 7.91. 

A few of the metals and many intermetallic compounds in alloys have 
complex space lattices whose solution is much more difficult, usually 
requiring the use of a single crystal specimen and often several different 
types of equipment. However, a complex space lattice can often be 
identified simply by comparison with that of a crystal whose space 
lattice is known. 

A more complete discussion of equipment and methods can be found 
in A Study of Crystal Structure and Its Application.^ 

^ W. P. Davey, McGraw-Hill Book Co., 1934. 
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The following summary of the applications of x-ray diffraction 
methods in metallography has been condensed from the A.S,M, Metals 
Handbook^ 1939 (page 195). 

Determination of crystal structure. 

Measurement of lattice dimensions. 

Identification of phases in alloys. 

Determination of limits of solid solubility. 

Orientation of individual grains. 

Preferred orientation of grains. 

Estimation of grain size. 

Study of cold work and recrystallization. 

Internal stresses and recovery. 

Another important application of x-rays in the metal industries Is 
in the detection of flaws, particularly of internal defects, by radio- 
graphic methods. 
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ALLOY SYSTEMS AND CONSTITUTION DIAGRAMS 
Alloy Systems 

An alloy system is made up of all the alloys that can be formed by 
several elements combined in all possible proportions. A binary 
system contains two elements, a ternary system three, and so on. If 
only 40 of the most common metals are considered (by the combination 
formula) and any two are taken at a time, there are 780 binary systems. 
Any three at a time gives 9880 ternary systems, and any four at a time 
gives 91,390 quaternary systems, and so on. The number of individual 
alloys possible is much larger. Considering only the alloys that differ 
from each other by 10 per cent, there are over eight million alloys. 
The number of possible alloy combinations containing more than four 
elements is almost unlimited. Commercial alloys often contain a large 
number of alloying elements. 

Classification of Alloys 

Because of the extremely large number of alloys that is possible, any 
study of alloys must be based on some system of classification. A broad 
classification can be made in terms of the structures of the alloys, and 
entire alloy systems can be classified according to the type of their 
constitution diagram. 

In their structure, alloys can be either homogeneous or they can be 
built up of several different phases. A phase is a homogeneous, physi- 
cally distinct portion of an alloy or of a group of substances which are 
in equilibrium with each other. 

In the one-component system, H 2 O, under certain conditions of 
temperature and pressure, it is possible to have three phases coexist 
in stable equilibrium (solid-liquid-gas). A phase, however, is not 
necessarily a state of matter (solid, liquid, or gas), and in many systems 
there are several solid phases such as solid solutions, pure metals, and 
compounds. Some systems may have several liquid phases. The 
physical characteristics of different phases are, therefore, quite distinct. 

Alloys may be classified according to their structure, depending on 
the type and number of phases present. There are three possibilities: 
compounds, solid solutions, and mixtures. 

17 
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Compounds. Compounds (intermetallic compounds or intermediate 
phases) have a strong physical bonding of unlike metal atoms and form 
phases, usually hard and brittle, having a definite composition which 
can be expressed in terms of a chemical formula such as : FesC, Fe AI3, 
FeaP, CuaP, CUAI2, Mg2Si, FeaZnio, PbMg2, Cu2Zn3, etc. Their 
crystal lattice is xisually different from that of either of the component 
pure metals and often much more complex. Phases of this type can be 
identified in a matrix of another phase by microscopic examination; 
when formed from a melt they frequently occur as crystallites in relief. 
Compoimds are usually designated by the general formula A^Bny 
where m is the number of atoms of metal A and n is the number of 
atoms of metal B. 

The characteristics of various intermediate phases may differ in 
several respects. One important dissimilarity is the degree of varia- 
bility of composition. Many of them occur as single-phase alloys only 
when the composition corresponds exactly to the chemical formula; 
others may vary in composition through a more or less restricted range. 
The application of the term compound is now generally restricted 
to those phases which have a narrow composition range and which are 
hard and brittle. A few of the intermediate phases have a rather wide 
composition range and in several respects they resemble the solid 
solution type of phase which will be described later. These are some- 
times called intermediate solid solutions. 

The ordinary rules of valence which apply to a simple compound 
between a metal and a nonmetal hold true for only a few of the inter- 
mediate phases. The combining ratio is therefore usually determined 
by other factors, not all of which are known. In some instances the 
relative sizes of the atoms involved appear to be an important considera- 
tion. Another significant relation has been found by Hume-Rothery. 

Among intermediate phases there are several types of crystal struc- 
ture which occur rather frequently. It has been demonstrated^ that 
intermediate phases which have the same type of lattice often have the 
same valence-electron concentration, or ratio of the number of valence 
electrons to the total number of atoms in the chemical formula. For 
instance, the phases AgCd and CU3AI both have the body-centered 
cubic or P structure and the ratio of valence electrons to total number 
of atoms is 3 : 2 for both. Silver has a valence of 1 and therefore has 
one valence electron per atom; cadmium has a valence of 2. In AgCd 
there is a total of three valence electrons for two atoms, giving the ratio 
3:2. In CU3AI three atoms of copper with one valence electron each 

^W. Hume-Rothery, Structure of Metals and AlloySy Chemical Publishing Co., 
1936. 
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are combined with one aluminum atom with three valence electrons, 
giving a total of six valence electrons for four atoms with a ratio of 3 : 2. 
Other examples are given in Table 3. 

Table 3. Intermediate Alloy Phases (Hume-Rothery). 

Electron Concentration 
or 

Ratio of Number of Electrons to Number of Atoms 


3 ; 

:2 


21 : 13 


7 :4 

Body-Centered 

Complex Cubic 




Close-Packed 

Cubic 
/3 Structure 

/3 Manganese 
Structure 

Cubic y Structure 

Hexagonal 

Structure 

AgCd CU 3 AI 

AgaAl 

AgsCdg 

CusZng 

Co5Zn2i 

AgCds AU 5 AI 2 

AgMg CuaGa 

AU 3 AI 

AgsHgs 

CU 9 AI 4 

Fe5Zn2i 

AgsSn 

CuCd 2 

AgZn Cu{,Sn 

CuaSi 

AgsZng 

Cu 9 Ga 4 

Ni5Zn2i 

AgsAls CuZn 2 

AuCd CoAl 

CoZna 

AusCdg 

Cu 9 ln 4 

Pd5Zn2i 

AuCds CugGe 

' AuZn FeAl 


AusZng 

CuaiSig 

Rh 6 Zn 2 i 

AuZng CugSi 

CuBe NiAl 
CuZn 

Possibly MgTl, 
CaTl, and 
SrTl 


CuaCdg 

CusHgg 

CusiSng 

NaaiPbg 

Pt 6 Zn 2 i 

Ni5Cd2i 

AU3SD 

CuaSn 


Note: Transition elements Co, Fe, Ni, Pd, Pt, and Rh must be considered as having zero valence 
electrons in these calculations. 


Solid Solutions. A solid solution is a phase which contains two or 
more different kinds of atoms in one type of space lattice, and in which 
the various kinds of atoms are not combined in a definite proportion. 
When atoms of metal B dissolve in solid metal A they usually replace 
A atoms in the space lattice. In other respects the lattice remains 
similar to that of pure metal A, This is the so-called substitutional 
type of solid solution and is the most common. 

The degree of solubility is not the same in different alloy systems. 
Copper and nickel can dissolve in each other in all proportions, since 
both have the same type of space lattice and their atoms are nearly 
the same size. On the other hand, copper can dissolve in silver up to 
a maximum of about 9 per cent. The alloy 90 Ag-10 Cu contains more 
copper than can be dissolved in the silver-rich solid solution and the 
excess copper is present in the form of a second phase, a copper-rich 
solid solution. This type of limited solubility often occurs when two 
metals have unlike types of space lattice or if the size of the two kinds 
of atoms is substantially different. 

Occasionally two elements with widely different atomic sizes form 
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another kind of solid solution known as the interstitial type. Carbon, 
hydrogen, and nitrogen, all with very small atomic size, often dissolve 
in solid metals to form this type of solution. The space lattice of the 
solution is like that of the pure metal and the C, H, or N atoms occupy 
the vacant spaces or interstices between the metal atoms. Austenite, 
the 7 solid solution in iron-carbon alloys, is an example of the intersti- 
tial type of solid solution. 

It has been stated that in most solid solutions the different kinds of 
atoms occupy random positions within the space lattice. Some of 
these random solutions undergo atomic rearrangement if they are 
cooled slowly through a critical temperature below which each type of 
atom assumes a definite position within the space lattice, the random 
arrangement being lost. 

An alloy of 25% Au and 75% Cu (atomic per cent) may be quenched 
from above a red heat and the Cu and Au atoms will occupy random or 
disordered positions in the face-centered cubic lattice. If slowly cooled, 
however, the Au atoms assume comer positions of the lattice and the 
Cu atoms move to the face-centered positions. This results in an 
appreciable increase in hardness and, consequently, strength, because 
of the ordered arrangement. This type of structure is known as an 
ordered solid solution or superlattice. 

Examples of such ordered solid solution phases are CuAu, CuPd, CuBe, 
CuZn (j3 brass), AgMg, AgZn, AgCd, AuNi, NiAl, FeCo, AuCua, PtCua, 
PdCua, FeNia, and MnNia. Their composition can be expressed in 
terms of a chemical formula; in this respect, they resemble compounds. 
Their mechanical properties are usually intermediate between those of 
solid solutions and compounds. But the ordered solid solutions cannot 
be distinguished microscopically from the random solid solutions; 
neither can they be coagulated by diffusion so as to appear as separate 
phases. They are frequently designated as a, j3', 7 ', etc. 

Mixtures. Alloys of this type are composed of mechanical mixtures 
of two or more different phases. These phases can be pure metals, 
solid solutions, or compounds. Alloys of copper and lead contain 
nearly pure copper with practically pure lead distributed as spheroids. 
Most copper-silver alloys are made up of two solid solutions, one rich 
in copper and the other rich in silver. Annealed steels contain two 
phases: ferrite, almost pure iron, and iron carbide, a compoimd of iron 
and carbon, FesC. 

The Freezing of AULoys and Thermal Analysis 

Whereas pure metals always freeze at a constant temperature, most 
alloys solidify gradually through a range of temperatures. For each 
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alloy composition there is a definite temperature at which freezing 
begins on cooling and this is also the temperature at which fusion is 
completed on heating. The temperature at which freezing is com- 
pleted on cooling is also the temperature at which fusion begins on 
heating. These two limits of the freezing range of an alloy have some- 
times been called the freezing point and the melting point respectively. 

Thermal Analysis. The freezing range of alloys is usually found by 
thermal analysis. The various alloy compositions are melted in cru- 
cibles, a pyrometer is inserted, and the alloy is cooled at a fairly even 
rate. It is customary to plot temperature-time cooling curves. When 
pure metals freeze the temperature remains constant for considerable 
time as the metal gives up its latent heat of solidification. Fig. 9 shows 
temperature-time cooling curves. 



Time (cumulative) 


Pure metals and all^ Solid solution all(^s of Alloys freezing out a primary 
of eutectic composition Type I constitution .phase and later the eutectic 

at the solidus 

Fia. 9. Temperature-time cooling curves. 

The dotted dip in Fig. 9a, typical of the freezing curve of tin, is 
called undercooling, subcooling, or supercooling. It can be eliminated 
by cooling more slowly, by inoculation with small particles of solids, 
and by agitation or vibration of the pyrometer tube. Temperature- 
time curves are by far the most important of the cooling or heating 
curves and are equally suitable for studying transformations in the 
solid state. 

Another type of cooling curve frequently used by investigators, 
though having less merit, is called the inverse rate carve. Here tempera- 
ture is plotted as the ordinate and the difference in time required either 
to heat or cool through equal intervals of temperature as the abscissa. 
Small intervals of temperature should be used. Theoretically it should 
have the advantage of a sharper break or change in direction for a given 
change in cooling rate. Actually this advantage is likely to be more than 
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nullified by its susceptibility to misinterpretation, particularly if the 
reading of data is not performed with a very high degree of accuracy. 

A few investigators have used the direct rate curve, plotting the 
temperature drop for a definite interval of time (cooling rate) as the 
abscissa and temperature as the ordinate. 

An important curve seldom used is the differential curve, where the 
abscissa scale is the difference in temperature between the specimen 
having a transformation point and a neutral body having none, and 
the ordinate is temperature. The laboratory set-up involves consider- 
able experimental difficulty and the method is not well adapted to fast 
rates of cooling or heating. 

It is highly desirable in thermal analysis to obtain uniform rates of 
heating or cooling, and in order to eliminate somewhat the lag at trans- 
formation points it is well to use a small amount of metal and thin 
crucibles or containers and have thin protection tubes for thermocouples. 
The ideal furnace is designed with little thermal insulation and little 
heat capacity.^ 

Automatic machines have been made to plot curves, one of which 
has been described in considerable detail.^ A recording pyrometer can 
be coupled with a controlling pyrometer operated by a synchronous 
motor to change the setting continuously so that temperature-time 
curves can easily be obtained at a definite cooling rate. 

/ Constitution Diagrams 

A constitution diagram (equilibrium or phase diagram) is a graphical 
representation of a system. It shows the melting and freezing tempera- 
tures of various alloys which make up the system and also the phases 
in equilibrium with each other under various conditions of temperature, 
concentration of components, and pressure. Slight changes in pressure, 
such as variations in atmospheric pressure, have a negligible effect on 
equilibria in solid or liquid metals and alloys, and therefore can be 
excluded from consideration. The important factors which control 
equilibrium in alloys are temperature and concentration of components 
(composition). These are the two variables plotted on a constitution 
diagram. 

Fig. 10 is the copper-nickel constitution diagram. Temperatures are 
plotted in the vertical direction and composition along the horizontal 
scale in weight per cent. The two ends of the horizontal scale 

* W. Rosenhain, J. Inst. Metals, Vol. 13, p. 160 (1915); H. Scott and J. R. Free- 
man, National Bureau of Standards, Scientific Paper No. 348, 1919. 

* H. J. French, A Recording Chronograph for Inverse Rate Method of Thermal 
Analysis, Trans. Am. Soc. Steel Treating, Vol. 3, 640-648 (1923). 
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represent pure copper and pure nickel respectively; intermediate 
compositions are plotted along this scale in terms of per cent nickel. 
Each individual alloy is represented by a vertical line on the diagram 
(composition vertical), the alloy 25% Ni, 75% Cu being represented 
by a dotted line in Fig. 10. On cooling from the liquid condition this 
alloy begins to freeze at the temperature indicated by the letter a in 
Fig, 10 and is completely solidified at the temperature 6. The solid 



Composition - % Ni 

Fig. 10. Copper-nickel constitution diagram. 

line drawn through the point a is known as the liquidus or liquidus curve 
and represents the temperatures at which various alloys begin to solidify 
on cooling from the liquid state. These are also the temperatures at 
which melting is completed when the solid alloys are heated. The 
solidus curvCf drawn through point 6, represents the temperature at 
which solidification is completed on cooling and at which melting begins 
on heating. The vertical distance between the liquidus and solidus 
then represents the temperature range of melting or solidification for 
each of these alloys. 

Some alloys undergo transformations in the solid state and the 
temperatures at which these occur are also represented by additional 
lines on the constitution diagram. The various fields on a constitu- 
tion diagram are labeled to indicate the number and kind of phases 
present in any alloy at each temperature. 
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CLASSIFICATION OF CONSTITUTION DIAGRAMS 
Binary Constitution Diagrams 

Because of the large number of systems represented by constitution 
diagrams, many of which are modifications of others, it is desirable to 
consider them as various types, classified primarily according to solu- 
bility in the liquid and solid states and the formation of intermediate 
phases.^ 

Type I System 

The two metals are soluble in each other in all proportions in the liquid 
and solid states. This type may be divided into two sub-groups: I-a, 
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A% 90 80 70 60 50 40 30 20 10 

Composition 


Fiq. 11. Type I-a. Constitution diagram of metals A and B, Completely sol- 
uble in the liquid and solid states. Examples: Cu-Ni, Ag-Pt, Au-Ag, Ag-Pd, Pt-Rh. 

where the melting point varies continuously between the metals A and B 
(components) f and I-b, where the liquidus and solidus lines pass through 
a minimum called a pseudo-eutectic point. 

The dotted line in Fig. 11 represents an alloy of 80% B and 20% A. 

^ Gustav Tammann, Lehrbuch der Metallographie, Verlag von Leopold Voss, 1914; 
S. L. Hoyt, PrincipUa of MetcMography, McGraw-Hill Book Co., 1920. 
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When this alloy is cooled in the liquid state to a temperature of a, a 
dendrite begins to form, the composition of whose core is shown at b to 
be 95% B + 5% A. At any selected temperature ab all alloys having 
compositions between a and b will have a composition of the liquid 
phase of a and a composition of the solid phase of 6. Liquid of com- 
position a and solid of composition b are in equilibrium and will remain 
so until the temperature either rises or fails. Continued cooling below 
temperature a results in the building up of the dendrites and the core 



Fig. 12. Cast solid solution alloy of 60% gold, 40% silver, showing manner in 
which it solidifies as dendrites which grow together to make up the various grains. 

Light-colored dendrites are rich in gold. X 100. 

increases in concentration of metal A until it has a final composition, 
/, 80% B + 20% Af and there will be some diffusion of more A atoms 
into the core of the dendrites. At the equilibrium temperature, efy the 
composition of the last liquid to freeze around the dendrites is e,^ 
44% B + 56% Ay but there is only a trace of it present. If the gap 
between the liquidus point a and the solidus point / had been larger 
there would have been even more segregation or difference in composi- 
tion between the core of the dendrite and the filling matter or ground 
mass. Fig. 12 illustrates the microstructure of a cast solid solution 
alloy. If this alloy is held at a temperature just below / for a long time 
the segregation will tend to be eliminated by diffusion and the alloy 

* This is true only under conditions of complete equilibrium, never fully attained 
in practice. Even with the slowest cooling rate the diffusion of A atoms into the 
core of the dendrite is not complete and the average composition of the dendrite 
is richer in B than the equilibrium composition 80% B -f 20% A . It therefore follows 
that the last liquid to freeze must be somewhat richer in A than the equilibrium 
composition of 44% B -f 66% A, 
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will be a homogeneous solid solution with its microstructure resembling 
that of a high-purity metal. During freezing of alloy 80% B + 20% A 
the composition of the liquid varies from composition a to e and the 
solid from b to/. 

A rule may now be stated which will give the composition of the 
phases present at any chosen temperature on any chosen field of a binary 
constitution diagram where two phases are in equilibrium with each 
other. 

1. Composition of Phases — Rule I. The actual chemical composi- 
tion of the phases of an alloy in equilibrium at any temperature is 
found by extending the horizontal line representing temperature on both 
sides of the vertical line representing the alloy until it intersects the 
two lines (conjugate lines) bounding the heterogeneous field. These 
points of intersection with the lines bounding the heterogeneous field 
may be dropped to the base line and the composition of each phase read 
directly. The composition scale of constitution diagrams is given in 
per cent by weight unless otherwise stated. 

Example. With alloy 80% B + 20% A at the temperature cgd the 
composition of the liquid phase is 59% B + 41% A and the composi- 
tion of the solid phase in equilibrium with it is 88% B + 12% A. 

Another rule may now be stated which also holds for all constitution 
diagrams at any chosen temperature and under equilibrium condi- 
tions. 

2. Proportion of Phases — Rule II. The relative amounts of phases 
in a given alloy at a definite temperature within a heterogeneous field 
are found by drawing a horizontal line at that temperature from one 
side of the field to the other and also a vertical line to designate the 
composition of the alloy. The composition vertical divides the tem- 
perature horizontal into two parts whose lengths are inversely propor- 
tional to the amounts of the two phases present. 

Example. Given alloy of 80% B -f 20% A at the temperature cgd. 
To find the proportion of phases (liquid and solid solution in this case) 
the per cent of liquid will be (gd/cd) X 100; the per cent of solid solu- 
tion will be (cg/cd) X 100. To obtain the exact ratio we have 

y gg — gQ 

per cent liquid = — X 100 = 26.6% 

88 — 58 

80 — 58 

per cent solid = — — X 100 = 73.3% 

88 — 58 

These rules can be used also for equilibria in the solid state at any 
selected temperature if two phases are present. 
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In the Type 1-6 diagram (Fig. 13) the alloy of composition 0 would 
melt and freeze at a constant temperature similar to a pure metal. 
The point 0 is called a pseudo-eutectic point because it is the alloy of 
the series having the lowest freezing point and somewhat resembles 
eutectic systems of the Type II class. It is also possible to have a 
diagram such that the point 0 is elevated above the melting points of 
the components. There are some nonmetallic systems but no metallic 
system of this modification. 
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Fig. 13. Type 1-6. Constitution diagram of metals A and B as above except 
two branches of the liquidus and solidus meet at a pseudo-eutectic point. Examples : 

Cu-Au, Ni-Pd. 


Ordinarily metals forming Type I alloys are those where the com- 
ponents have 

1. Similar atomic volumes. 

2. Similar crystal structures. 

3. Melting points not too widely different. 

The only true isomorphous solid solution is, of course, where both 
components have the same type of crystal lattice. In this type the 
most common components are face-centered cubic metals. 


Type II System 

The two metals are soluble in all proportions in the liquid state and 
incompletely soluble in the solid state, the curves of primary solidification 
intersecting at a minimum (the eutectic point). 

Type Il-a System. The two metals are insoluble in the solid state 
(Fig. 14). Alloys of this type usually crystallize in different crystal 
forms and the like atoms have slightly more affinity for each other than 
the unlike ones. In the eutectic alloy (40% B + 60% A) both pure A 
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and pure B are present as an intimate mixture in the solid alloy and can 
be resolved by a microscope. The two metals in this alloy, however, 
do not freeze at their customary temperatures but each inhibits the 
freezing of the other until the temperature aoh is reached, where they 
freeze simultaneously at constant temperature like a pure metal. The 
word eutectic is from the Greek and means minimum. 



10 20 30 40 50 60 70 80 90 %B 

Composition 

Fio. 14 . Type Il-a. Constitution diagram of eutectiferous system representing 
metals soluble in the liquid state and insoluble in the solid state. Examples : Sn-Zn, 

Bi-Cd, Be-Si. 

If alloy of 70% B + 30% A is cooled to just below the liquidus line 
it will be in the heterogeneous field of liquid + B and the composition of 
the first solid formed is pure 5. Pure B continues separating as den- 
drites until temperature aob is reached. At the same time the composi- 
tion of the remaining liquid varies along the liquidus line until at this 
temperature it reaches the eutectic composition (40% 5 + 60% A), 
and the two solid phases, pure A and pure B, freeze out simultaneously 
at constant temperature to give the eutectic structure. On cooling 
below temperature aoh nothing further happens structurally. Alloys 
with compositions between a and o have only pure A freezing out be- 
tween the liquidus and solidus temperatiu^. 

Phase Rvle, One of the important contributions to physical chem- 
istry was the phase law by J. Willard Gibbs.® This rule is of importance 
in checking equilibrium conditions for various systems and m^y be 
stated as follows: 

A system possesses only three independently variable factors — 

^ Alexander Findlay and A. N. Campbell, The Phase Rule and Its AppUcatione, 
Longmans, Green and Co., 1938. 



TYPE DIAGRAMS 


29 


temperature, pressure and concentration — of the components of the 
system. The phase rule defines the conditions of equilibrium as 
the relationship between the number of phases and components of 
the system. Expressed in mathematical form it is 

F = C + 2 - P 

where 

F = the degrees of freedom or independently variable factors 
C = the number of components in the system 
2 is a constant 

P = the number of phases present in the system. 

Since metallographic investigations are generally carried on at atmos- 
pheric pressure, it is customary to eliminate pressure as a variable or 
degree of freedom. Therefore, when we remove one of the degrees of 
freedom, it is necessary to subtract one (1) from the other side of the 
equation, and the above equation when applied to metallography 
becomes 

F=C+1~P 


A few illustrations will help to make this rule and its applications 
understood. 

A pure metal in the molten condition has one component and one 
phase: P=l + 1 — 1 = 1. Composition is fixed but temperature 
can vary as long as there is only one phase present. At the freezing 
point a second phase, solid metal, appears : P=l + l--2 = 0. This 
means that there is no freedom, or that it must stay at a constant tem- 
perature until one of the phases disappears. This is another way of 
stating that pure metals freeze or melt at a constant temperature. 

Consider an alloy of Type I-a. Above the liquidus there are two 
components and only one phase: F = 2-l-l — 1 = 2. This means 
there are two degrees of freedom, and temperature or concentration may 
be varied as long as we have only one phase. As soon as freezing begins 
a solid phase appears and we have F = 2+ l — 2 = 1. This means 
that there is only one degree of freedom and as soon as either tempera- 
ture or concentration is chosen the other is fixed as long as two phases 
are present. Below the solidus there is only one phase and there are 
again two degrees of freedom. 

The eutectic must freeze at a constant temperature because of this 
relation. There are present three phases, namely, liquid and the two 
solid phases which are freezing out. Thus we have F = 2-|-l — 3 = 0; 
that is, the system is invariant. This means that it must stay at a con- 
stant temperature until one or more phases disappear. 
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Systems which have zero degrees of freedom are invariant; those with 
one degree of freedom are univariant; and those with two degrees of 

freedom are bivariant, 
etc. 

Actually there are 
probably no systems of 
exactly this type (Il-a), 
as it is likely that one 
metal is always slightly 
soluble in the other, 
especially at elevated 
temperatures. 

A modification of this 
type is shown by Hoyt^ 
B where the eutectic point 

10 20 30 40 50 60 70 80 90 %B 13 moved toward one of 

Composition x i j xu 

the pure metals and the 

Fio. 16. Type II-5. Constitution diagram of p^j.^ jg 

eutectiferous system representing metals soluble in v j* xu 

XI. 1- -j -X I j -XI 1 ui • xi VA limit of the series. 

the liquid state and partly soluble in the solid . . 

state. Examples: Pb^n, Pb-Sb, Cu-Ag, Cd-Zn. Theoretically this is pos- 
sible but practically 
there are no systems where the eutectic comes closer to the pure metal 
than about 0.2 per cent, copper-bismuth having a eutectic point at 
about 99.8% bismuth. 

Type n-h System. 

The metals are 'partly 1000 / 

soluble in the solid gpo ^ ^ / 

stote (Fig. 15). In Ta 

this type the letters ^ 800 

a and jS represent "*2 yQQ _/ 

two different solid f / \ 

solutions of limited 1 600 h- V 

solubility, where a is ^ ^qq ^ | \ 

a solid solution of B 

atoms in the solvent 400 

A lattice and /3 is a gnn II I I I I I I I I I 

solid solution of A Ag 10 20 30 40 50 60 70 80 90 Cu 

Cu 

atoms in the solvent 

^ 1 Fig. 16, Silver-copper constitution diagram. 

B lattice. The sol- ^ 

idus is the line aob together with the extension on each end to the 

melting points of the pure metals. The maximum solubility of B in 

^ S. L. Hoyt, Principlea of Metallography^ McGraw-Hill Book Co., 1920. 


Ag 10 20 30 40 50 60 70 80 90 

%Cu 

Fig. 16, Silver-copper constitution diagram. 
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W (/) 

Fig. 17. Silver-copper system. 


(a) Silver. Etchant: chromic acid -f sulfuric acid. X 100. [(6) 97.6% 
Ag-2.6% Cu. Etchant: chromic acid -f H2SO4. X 100. (c) 83% Ag-17% 

Cu. Etchant: ammonium persulfate + KCN. X 100. (d) 71.5% Ag-28.6% 

Cu. Etchant: ammonium persulfate + KCN. X 160. (c) 35% Ag-66% Cu. 

Etchant: copper ammonium chloride. X 100. (/) Copper, cast. Etchant: 

copper ammonium chloride. X 100. 
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A is at a (15% B + 85% A) whereas the maximiim solubility of A in 
£ is at b (20% A + 80% B). The lines ac and bd are called solid solu- 
bility lines and recently have also been called solvus lines. 

At the low temperature cd the solubility of these systems is usually 
considerably less than at the eutectic temperature ab. Alloys having 
compositions between a and b at the temperature ab will have zero 
degrees of freedom and consequently must remain at constant tempera- 
ture while both solid solution phases, a and jS, and the liquid phase are 
in equilibrium. 

There are many systems of this type, e.g., silver-copper (Fig. 16) and 
cadmium-zinc (Fig. 18). In these systems it should be noted that den- 
drites (primary) of either aovfi always separate between the liquidus and 
solidus, depending on which side of the eutectic point the alloy happens 
to be. In passing through the eutectic temperature, the temperature 
remains constant and the two phases a and separate simultaneously 
and envelop the primary phase in a matrix having the eutectic com- 
position. 



Fig. 18. Cadmium-zinc constitution diagram. 

K on alloy of 50% cadmium and 50% zinc is cooled from the liquid 
state, solid will start freezing when the liquidus temperature is reached 
(320®C). The composition of the first to form will be about 97% Zn 
and 3% Cd (Fig. 18, Rule I). As cooling progresses more freezes 
and the composition of the remaining liquid will increase in cadmium 
until the eutectic temperature (266®C) is reached. Here the liquid 
of 18% Zn and 82% Cd freezes to form a eutectic mixture of the a and 
phases surrounding the primary p (Fig. 19d). 

The phases in equilibrium at a temperature just above 266°C (solidus) 
are liquid and solid /3. Rule II gives the relative proportions in per 
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(«) (/) 
Fig. 19. Cadmium-zinc system. 


(a) Cadmium. Etchant: picric acid in alcohol. X 100. (6) Cd 90%-Zn 

10%. Etchant: concentrated nitric acid. X 100. (c) Cd 82%-Zn 18%. 

Etchant: concentrated nitric acid. X 100. (d) Cd 60%-Zn 60%. Etchant: 

10% nitric acid in water. X 100. (e) Cd 10%-Zn 90%. Etchant: 10% nitric 

acid in water. X 100. (/) Zinc. Etchant: concentrated nitric acid, etched 

lightly to show twinning. X 100. 
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cent by weight of each in the alloy 50% Cd-50% Zn; 

98 — 50 48 

per cent liquid = X 100 = — X 100 = 60% 

50 — 18 32 

per cent /3 = — — X 100 = — X 100 = 40% 

The per cent of eutectic (a + 0) in the solid alloy below 266®C is the 
same as the per cent of liquid just above this temperature, namely, 
60 per cent. If the calculation is made just below the eutectic tempera- 
ture the total per cent of 0 (primary 0 + eutectic 0) can be determined. 

50 - 3 47 

per cent 0 = — x 100 = — X 100 = 49.5% 

Uo — o yo 

98 - 50 48 

per cent a = — X 100 = -— X 100 = 50.5% 

98 — a 95 


At 0°C a and 0 are 50 per cent each, because the relative solubilities of 
cadmium in zinc and of zinc in cadmium become zero. 

Rules I and II are of considerable aid to a metallographer in deter- 
mining the approximate compositions of alloys from the microstructure 
when the equilibrium diagram is known. The rules are useful also in 
the working out of a constitution diagram with a limited number of 
alloys. 



10 20 30 40 50 60 70 80 90 100%B 

Composition 


Fig. 20. T 3 rpe II-c. Constitution diagram of eutectiferous system where the 
metals are soluble in the liquid state and partly soluble in the solid state. The 
metals also form a compound AmBn and two eutectics. Examples: Mg-Sn, Mg-Sb, 

Mg-Pb. 


Type n-c System. The metals form compounds and two or more 
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eutectiferom aeries. This type, as shown in Fig. 20, can be considered 
as two separate systems — Type II-6 on the left side and Type Il-a 
on the right side, the components being A + AmBn and AmBn + B 
respectively. The significant fact here is the presence of compounds 
or intermediate phases. 

In working out a constitution diagram of two metals it is very desir- 
able to plot the composition in atomic per cent instead of the customary 
weight per cent in order to aid the investigator in locating possible com- 
pounds. If the composition scale of Fig. 20 is expressed in atomic per 
cent instead of weight per cent, the compound AmBn will contain 
75 atomic per cent of A and 25 atomic per cent of B. 

Atomic Composition. To convert a binary alloy composition from 
weight per cent to atomic per cent the following formula is useful. 

Let P = weight per cent of metal A 

100 — P = weight per cent of metal B 
, a = atomic weight of metal A 

h = atomic weight of metal B 
X = atomic per cent of metal A 
100 — X = atomic per cent of metal B 

XT loop . , 

X = = atomic per cent of A (number of atoms 

P + - (100 — P) of A in 100 atoms of A + B) 
h 

To convert atomic per cent to weight per cent: 
lOOX 

P — - = weight per cent of A 

X + - (100 - X) 
a 


Type III System 

The two metals are soluble in the liquid statCy partly soluble in the solid 
statCy and the curves of primary solidification intersect at a peritectic tem- 
perature horizontal. 

Type m-a. The product of the peritectic reaction is a solid solution. 
The point o is the peritectic or transition point. If an alloy of composi- 
tion 0 (52% B + 48% A) is cooled from the liquid state, a dendrites 
form and grow between the liquidus and the peritectic temperature aob. 
At this temperature a (composition 20% B + 80% A) and liquid (com- 
position 78% B + 22% A) react to form a new solid solution (com- 
position 52% B + 48% A). This reaction can be expressed by the 
equation 


solid a + liquid ^ solid fi 
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In cast alloys of this type the peritectic reaction is usually incomplete. 
The product of the reaction forms on the surface of the primary den- 
drites and prevents contact between the reacting phases. Since further 
progress of the reaction depends on the relatively slow process of diffu- 
sion in the solid state, a longer time is required for the completion of the 
reaction than is ordinarily available during the freezing of a cast alloy. 

The microstructure of a cast alloy of the composition 52% B in 
Fig. 21 would then consist of unstable primary dendrites of the a solid 
solution surrounded by a rim of the reaction product /3. The equilib- 



Composition 

Fig. 21. Type III-o. Constitution diagram of peritectic series where the peri- 
tectic reaction results in a solid solution. Examples: Cd-Hg, Ag-Pt. 

rium structure of 100% p could be obtained in this casting only by 
prolonged annealing at a temperature just below aoh which would 
permit the necessary diffusion of B atoms into the primary a den- 
drites. 

Other alloys of compositions falling between the points a and o like- 
wise begin to freeze as the a solid solution and the peritectic reaction 
takes place at the temperature aob, until all the remaining liquid is 
used up and the alloy is completely solidified. Both the a and P phases 
are stable in these alloys below the solidus. Alloys whose compositions 
fall in the range between o and b form primary a during the first stage 
of solidification, but under equilibrium conditions all of this would be 
transformed into P during the peritectic reaction, leaving P + liquid 
just below the temperature adb. The remaining liquid would then 
freeze gradually between this temperature and the solidus to give 
more p. 
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Type in-&* The product of the peritectic reaction is a compound 
(Fig. 22). In this type the compound (intermediate phase) is formed 
by the reaction a + liquid A^Bny and its composition is represented 
as a straight, vertical line 
at 30% B + 70% A. 

Since this compound 
does not form as a 
primary phase it is fre- 
quently referred to as 
having a concealed 
maximum ’’ which dis- 
tinguishes it from a 
Type II system or the 
open maximum.^* Fig. 

22 shows AmBn as a 
compoimd having but 
one composition and not 
capable of dissolving 
more A or more B in 
solid solution. 

In some alloy systems 
the product of the peritectic reaction is an intermediate phase extend- 
ing over a considerable range in composition. 
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Fia. 22. Type III-6. Constitution diagram of 
peritectic series where the peritectic reaction results 
in a compound. Examples: Sn-Sb, Ag-Hg, Ag-Sn. 


Type IV System 

The two metals are not 
completely soluble in both 
liquid and solid states. 

Type IV-a. The metals 
are partly soluble in both 
liquid and solid states. 
Fig. 23 shows a diagram 
of this type. If we 
choose alloys having 
compositions between b 
® and c at a temperature 
just above abc there 
Fig. 23. Type IV-a. Constitution diagram show- are two liquid solutions 
ing partial solubility in both liquid and solid states, having compositions b 
Examples: Cu-Pb, Ag-Cr. ^ respectively. The 

dotted lines bb' and cc' show the compositions of the respective 
liquid phases at higher temperatures. These approach each other as 
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the temperature is raised and might become completely miscible at 
higher temperatures. Experimental difficulties usually prevent ac- 
curate determination of these two lines and they are shown as dotted 
lines to indicate that their position is not definitely determined. 
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Fig. 24. Type IV-6. Constitution diagram showing total insolubility in both 
liquid and solid states. Examples: Fe-Ag, Si-Tl. 


Type IV-6. The metals are insoluble in the liquid and solid states 
(Fig. 24). The metals in this system do not form true alloys but 
theoretically they should be considered in our classification. If iron 
and silver are melted together, liquid silver will be on the bottom, 
because of its higher density, and liquid iron on the top. On solidifica- 
tion they also form two distinct layers with a sharp line of contact and 
practically no diffusion. 

The four types of systems discussed previously can be combined in 
various ways to make up actual cases. The prime reason for classify- 
ing them according to solubility in the liquid and solid states is to 
acquaint the reader with the important equilibrium relations so that 
actual constitution diagrams will not appear so complicated. 

A summary of the nomenclature of lines on a constitution diagram 
and methods of determining the compositions and relative amounts of 
phases are given in Fig. 25. 


Transformations in the Solid State 

There are many equilibrium changes which take place wholly in the 
solid state; these are called polymorphic or allotropic transformations. 

Allotropy or Polymorphism. Some substances change from one 
crystal form to another when heated through a definite transformation 
temperature. Substances which can exist in more than one form are 
called allotropic or polymorphic. 
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The various forms and transformation temperatures of several allo- 
tropic metals are listed in Table 4. The transformation reaction is 
usually reversible, each form being stable through a definite range of 
temperature. Under equilibrium conditions two forms of a metal can 
exist together only at the transformation temperature. 


Any Alloy 



Analysis or Composition of Phases 

c is composition of first solid to freeze, or of a at temperature ab. 

0 is composition of or at temperature def. i . 

h is composition of liquid at temperature def ^ * num. 

w is composition of last liquid to freeze 
y is composition of a at temperature jkl. 

o is composition of compound AmBn at temperature jkl and below r. 

Relative Proportion of Phases 

At temperature def’. %a = ef/df X 100; % Liq. = de/df X 100. 

The sum of these must be 100. 

At temperature jkl: %a ■= kl/jl X 100; %AmBn — jk/jl X 100. 

Line \t,x is called solid solubility line of B in a. 

Point u represents maximum solubility of B in A to form the a solid solution. 
q is composition of eutectic alloy. It freezes at constant temperature at point r. The reaction is 
Liq. = -f AmBn. 

Line st is the eutectic temperature. 

Liquidus line is dibfirdz. 

Solidus line is diuvst. 

Peritectic reaction at temperature uvi on cooling alloy of composition o is a + Liq. *» AmBn. 

Fia. 25. Summary of methods of determining compositions and relative amounts 

of phases. 

Transformations in Solid Alloys. Various types of structural changes 
occur in solid alloys on heating and cooling which are somewhat similar 
to the allotropic transformations in pure metals. Several of these are 
illustrated in Fig. 26. 
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In diagram a, metal A is allotropic, the transformation temperature 
being designated by the letter c. The a solid solution has the same type 
of space lattice as the low-temperature form of A, whereas the solid 
solution resembles both pure B and the high-temperature form of A, 




(d) 



(e) (f) 


Fig. 26 . Constitution diagrams showing various types of transformation in the 

solid state. 

(a) Metal A has one allotropic transformation, (b) Metal A has two allotropic 
transformations, (c) Metal A has two allotropic transformations and the gamma 
solid solution undergoes a eutectoid inversion, (d) Peritectoid transformation form- 
ing a solid solution, (e) Peritectoid transformation forming a compound. 
(/) Transformation of a solid. solution to an “ ordered solid solution or super- 
lattice.” 

Alloys rich in metal A undergo the transformation from one structure to 
the other gradually through a range of temperatures as indicated on 
the diagram by the two dark lines bounding the field marked a + 

It might be said that when metal B dissolves in metal A it lowers the 
transformation temperature. Examples of this type of transformation 
are found in the systems iron-nickel and iron-manganese. 

Fig. 266 illustrates a similar transformation from one type of solid 
solution to another but the P solid solution field is looped ” in this 
example. Pure metal A and alloys rich in A undergo two transformar 
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tions on heating and the structure is the same at room temperature as 
above the upper transformation. Alloys rich in metal B do not undergo 
transformation in the solid state. Examples of looped solid solu- 
tion fields are found in the systems iron-silicon, iron-aluminum, iron- 
molybdenum, iron-tungsten, iron-vanadium, iron-phosphorus, and 
iron-chromium. 

In Fig. 26c pure metal A and alloys rich in metal A also undergo two 
transformations, but here the temperature of the upper transformation 
is raised when metal B dissolves in metal A. The iron-carbon diagram 
is of this type. 

The eutectoid transformation, sometimes called the eutectoid inversion^ 
is a common type of change in the solid state. It is similar to the freez- 
ing of a eutectic but in this case a solid solution transforms on cooling 
into two new solid phases. The mechanism of the two reactions is the 
same and the microstructures formed are very similar. In Fig. 26c 
the eutectoid point is designated with the letter e and the products of 
this reaction are a solid solution and a compound. The eutectoid 
structure in annealed steel, pearlite, illustrates this type of reaction 
(7 solid solution = aFe + FesC). 

A much less common type of reaction in the solid state, called the 
peritectoidf is illustrated in Figs. 26d and 26c at the points marked P. 
Here two solid phases react to form a new phase on cooling. The 
reaction is similar to the peritectic. In Fig. 2Qd the p solid solution 
reacts with the metal B to form a solid solution, whereas in Fig. 26e 
the a solid solution reacts with B to form the compound AmBn- Reac- 
tions of this type occur in the systems iron-tungsten, iron-gold, silver- 
aluminum, nickel-tin, and iron-zirconium. 

Fig. 26/ illustrates the formation of an ordered solid solution 
which has been discussed previously. Since these superlattices 
tend to occur at a composition which can be expressed in terms of a 
chemical formula and since the change in mechanical properties is in 
the direction of greater hardness and lower ductility, this reaction has 
in the past been considered as a case of compound formation. Recent 
investigations indicate, however, that the mechanism of the transforma- 
tion does not follow the phase rule, as do ordinary phase changes, and 
the older method of representing it on the constitution diagram with 
two solid lines separated by a two-phase field is not justified. The 
broken line in Fig. 26/ therefore represents the critical temperature at 
which an abrupt change occurs from almost complete disorder to the 
partially ordered condition. 

Suppressed Transformations. It has been pointed out that com- 
plete equilibrium between phases is not always attained during the 
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freezing and cooling of alloys. The dendritic segregation in cast solid 
solution alloys and the reaction rims formed during peritectic reactions 
are good examples of incomplete equilibrium. Transformations in the 
solid state are in most cases sluggish since the mobility of atoms and 
their ability to diffuse in the solid state are reduced to a marked degree 
at low temperatures. Consequently the degree of equilibrium actually 
attained during such a reaction depends to a large extent on the rate of 
cooling through the transformation temperature range. Rapid cooling 
may suppress the transformation altogether and permit the retention 
of an imstable high temperature phase at room temperature in some 
alloys. The structure and properties of many alloys can be varied at 
will through the choice of a proper heat treatment. The hardening of 
steel by quenching and the age hardening of duralumin-type alloys by 
controlled precipitation of a second phase in the solid state will be 
discussed later. The hardening of dental gold alloys, based on the 
formation of a superlattice, has been mentioned under the discussion of 
solid solutions. 

Ternary Constitution Diagrams 

The graphical representation of systems comprising more than two 
components is not a simple problem, particularly if more than three 
components are involved. For ternary systems, composition can be 
plotted most conveniently by means of triangular coordinates, as pro- 
posed by Gibbs. In Fig. 27 each of the components is represented by 
one comer of an equilateral triangle. The sides of the triangle repre- 
sent the three binary systems, A-B, A-C, and R-C, and the points 
lying on these lines represent individual binary alloys. Each ternary 
alloy is represented by a point within the triangle and its composition 
is given by the perpendicular distances from the point to the sides of the 
triangle. 

If the altitude of the triangle is divided into 100 units, the perpen- 
dicular distances can be measured in these units to give the composition 
of the alloy in per cent. In Fig. 27 the composition of the alloy repre- 
sented by the point x can be obtained in the following manner. The per- 
centage of A is given by the length of the perpendicular to the opposite 
side of the triangle, namely, 50%; the percentage of R is 30, of C, 20. 
The most convenient arrangement of scales is also shown in Fig. 27 
where the percentage of one metal is read on each side of the triangle. 

The temperatures are represented at right angles to the plane of the 
triangle representing compositions. This can be done by the use of a 
solid model in the form of a triangular prism as shown in Fig. 28. This 
model represents the system bismuth-tin-lead. Each vertical face of 
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the prism represents one of the binary systems (Bi-Sn, Bi-Pb, and 
Sn-Pb), temperatures being plotted vertically. The top of the model 

C 



Per Cent A 

Fia. 27. Method of finding ternary composition of alloy x which is 50% A, 30% 

R, and 20% C. 


represents the liquidus surfaces which intersect to form valleys. The 
lowest point in the liquidus surface is at the intersection of the three 

valleys and represents the ter- 
nary eutectic. 

Instead of using a solid model, 
liquidus temperatures can also 
be represented in the plane of 
the composition triangle by 
drawing a series of isothern>al 
lines, each line representing one 
definite temperature. 

Details of a ternary diagram 
can be projected into a single 
plane, as shown in Figs. 29 and 
30. These represent a system 
in which the three metals are 
completely insoluble in each other in the solid state. Fig. 29 illustrates 
the changes which occur in the composition of the liquid phase during 



Fio. 28. The ternary 83 r 8 tem Bi-Sn~Pb 
represented by a solid model. 
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the freezing of two alloys. The ternary eutectic is designated by the 
letter 0 and points Oi, O2, and O3 represent the binary eutectics in 
the systems A-By A-Cy and B-C respectively. The lines connecting 
these four points are the projections of 
the binary eutectic valleys of the 
liquidus surface. 

When an alloy of composition z be- 
gins to freeze, the first solid to form 
is pure C. The same primary con- 
stituent would freeze first in any alloy 
whose composition falls within the 
area CO2OO3. As the freezing of 
alloy z progresses, more primary C 
freezes out while the ratio of A to B 
in the remaining liquid is constant. 

This means that the composition of 
the remaining liquid must vary along the continuation of a straight 
line drawn from C through z in the direction of j/. At y the composition 
of the remaining liquid reaches the binary eutectic valley and the 
pseudo-eutectic mixture of C and B begins to form. After this the 
composition of the remaining liquid varies along the binary eutectic 
valley (O3O) until it finally reaches the composition 0. This point 
represents the ternary eutectic and here all three phases, A, By and C, 
freeze out simultaneously at a constant temperature as long as any 
liquid remains. The microstructure of this alloy consists of primary 
dendrites of C, a binary eutectic mixture of C + By and a ternary 
eutectic mixture A + B + C, 

During the freezing of a second alloy of the composition x primary B 
freezes first while the composition of the remaining liquid changes 
directly toward the ternary eutectic. The microstructure of the solidi- 
fied alloy is made up of primary dendrites of B surrounded by the ter- 
nary eutectic mixture. 

The temperatures at which the various constituents begin to freeze 
in any given alloy can best be shown by drawing vertical sections through 
the ternary model. Fig. 30 includes a basal projection of a ternary 
diagram and four vertical sections. All alloys represented in section 
I-I' contain 10% B; in section II~II', 20% B; in section III-III', 30% 
B; and section IV-IV' represents all alloys containing equal amoimts 
of A and By the C content varying from 0 to 100%. In all these sections 
the uppermost lines indicate the liquidus, the horizontal lines the 
solidus or ternary eutectic temperature, and the intermediate lines 



alloys. 
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Tc Tc 





90A Composition 90C 

lOB (Alt alloys containing 10% 6) lOB 


80A Composition 80C 

20B (All alloys containing 20% B) 20B 



Pio. 30. Ternary system showing metals completely insoluble in the solid state, 

and vertical sections. 
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represent the temperatures at which the binary eutectic begins to freeze 
out. The small letters indicate the relation between points in the 


basal projection and corresponding 
points in the vertical sections. 

For more complex ternary systems, 
isothermal sections (horizontal) through 
the solid model are very useful in 
showing the phases present in each 
alloy at room temperature or at some 
other constant temperature. Fig. 31 
gives the phases at room temperature 
in alloys of three metals which are 
partially soluble in the solid state. 



This very brief treatment of ternary 
diagrams is intended only as an in- 
troduction to the subject. A more 
thorough discussion can be foimd in 
Principles of Phase Diagrams} 


Fig. 31. Ternary system showing 
metals partially soluble in the solid 
state, and basal projections of phases 
present at room temperature. Area 
ABC is an isothermal section. 


Laboratory Methods for Working Out Constitution Diagrams 

The data required for the construction of constitution diagrams is 
usually obtained in the laboratory by means of thermal analysis, micro- 
scopic examination, and x-ray diffraction methods. Occasionally these 
are supplemented by a study of changes in various physical properties 
with changes in temperature or composition. Almost any of the 
physical properties of alloys might be studied in this manner, but the 
following list includes the methods which have been found to be the 
most useful. Several of these will be discussed more fully later. 

1. Thermal analysis; cooling and heating curves. 

2. Microscopic examination; number and identity of phases. 

3. X-ray diffraction studies; crystal structure. 

4. Dilatation; changes in volume with temperature. 

5. Electrical resistivity and temperature coefficient of resistivity. 

6. Hardness; Brinell, Rockwell, etc. 

7. Tensile properties: tensile strength, yield point, proportional limit, 

per cent elongation, reduction of area. 

8. Magnetic properties: permeability, coercive force, etc. 

9. Thermoelectric force; alloy used as one element of a thermocouple. 

10. Electrolytic potential. 

® J. S. Marsh, McGraw-Hill Book Co., 1936. 
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Measurement of Temperature 

Temperature Scales. The standard temperature scale used mostly 
in scientific research is the centigrade scale on which the temperature 
interval between the freezing and boiling points of wat^r is divided into 
100 degrees. The standard fixed points on the International Tempera- 
ture scale adopted in 1927 are the boiling points of oxygen, water, and 
sulfur at 182.97, 100.00, and 444.60°C, respectively, and the freezing 
points of water, silver, and gold at 0.00, 960.5, and 1063°C, all deter- 
mined at standard atmospheric pressure. The division of the scale 
between these points is accomplished by means of a standard resistance 
thermometer below 660°C, the standard platinum thermocouple be- 
tween 660 and 1063®C, and the optical pyrometer above 1063°C. 

It is an unfortunate circumstance that in American industrial plants 
a different temperature scale — the Fahrenheit — is used almost ex- 
clusively. The relation between the two scales is expressed by the 
following equations: 

°C = (°F - 32) ^ 

“F = ? °C + 32 
5 

Pyrometers 

A pyrometer is an instrument used for measuring temperature. In 
metallographic work the thermocouple pyrometer is the most useful 
and will be discussed in detail later. Other types of pyrometers will 
be mentioned briefly. 

Expansion Thermometers. These are based on the principle of 
thermal expansion of liquids, solids, or gases and are useful mainly 
at low temperatures. They are classified as follows. 

1. Liquid. 

a. Common types. 

Mercury (range, — 36®C to +360®C). 

Alcohol (range, — 114®C to -f78®C). 
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b. Gas filled with CO 2 or N 2 under pressure (usually over Hg) (range 
-35®C to +500^0). 

2. SoHd. 

а. Single metal, based on principle of thermal expansion (obsolete). 

б. Bimetallic, based on principle of differential expansion of two metals 

of relatively high and low expansions which actuate indicating or 
controlling mechanism. (Range from room temperature to about 
500°C.) Chief use in thermostats. 

3. Gas. 

a. Vapor tension. Ether, sulfur dioxide, methyl or ethyl chloride, used 

to about 750°C. Rather limited use. 

b. Gas thermometer. Originally used as basis for the standard tempera- 

ture scale. Apparatus cumbersome. Not used for industrial tem- 
perature measurement. 

Electrical Resistance Thermometers. These thermometers make 
use of the variation with temperature in the resistance of an electrical 
conductor, usually a coil of fine platinum wire. They are very accurate 
but their industrial application is limited to service at low temperatures. 

Optical and Radiation P3rrometers. These pyrometers measure the 
radiant energy from a hot body. They are used in metallurgical work 
for measuring higher temperatures than can be measured with thermo- 
couples and are not highly accurate. The most common form of optical 
pyrometer matches the brightness of the hot body with a standard 
light source like the filament of an electric lamp, whereas the ordinary 
radiation pyrometer measures the intensity of the radiant heat and 
light rays from the hot body by focusing them on a thermocouple.^ 

P3rrometric Cones or Seger Cones. Made of refractory materials, 
each has a fairly definite softening temperature, and is used chiefly in 
the ceramic industry. 

Thermocouple Pyrometer 

Thermocouples. A thermocouple consists of two dissimilar metals or 
alloys in the form of wires or rods, joined at one end, preferably by 
welding. When the welded junction, usually called the hot junction or 
variable junction j is heated above or cooled below the temperature of the 
free ends, an electromotive force is developed which can be measured 
by some form of measuring instrument. The connections between the 
free ends and the measuring instrument, or the extension wire leads, 
are called the cold junction or fixed junction and are usually maintained 
at a constant temperature. The magnitude of the electromotive force 
generated by the couple is a function of, and sometimes directly pro- 

^ A.S.M. Metals Handbook, 1939, pp. 285-310. 
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portional to, the difference in temperature between the fixed and 
variable junctions. 

The measuring instruments may be calibrated in millivolts (1/1000 
volt) and a calibration curve or table is required to convert the reading 
into degrees centigrade or Fahrenheit. In industrial plants, when an 
instrument is always used with one type of thermocouple, it is often 
calibrated in degrees Fahrenheit. The instrument may be a galvanom- 
eter (millivoltmeter) or a potentiometer. The galvanometer type is 
simpler in construction and operation but is the less reliable of the two 
since the potentiometer type gives readings which are independent of 
changes in the electrical resistance in the external circuit. (See Fig. 32.) 


Galvanometer 



Galvanometer 

Indicator 



Simple Complete Circuit of a 

Potentiometer Potentiometer Indicator 

Indicator Including Standard Cell 


Fig. 32. Wiring diagram of potentioraetric measuring instruments. 


Noble Metal Couple. The standard platinum couple consists of one 
wire of pure platinum and another of 90% platinum and 10% rhodium. 
It is frequently used up to 2732''F (1500°C) and lasts indefinitely if 
protected from reducing gases and general contamination. Below this 
temperature its calibration remains very constant, but if used between 
1500 and 1650°F it must be recalibrated frequently and its useful life 
is reduced. Its melting point is about 3190°F (1755®C). Platinum 
couples are usually welded by means of a carbon arc without a flux and 
they can be annealed simply by passing an electric current through 
them. 

The only other noble metal couple being used to any extent at present 
is one of platinum and 87% Pt-13% Rh. 

Base Metal Couples. Base metal couples are numerous but the 
following combinations are of most imp>ortance at present and are given 
in the order of their service in metallurgical applications. 
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L Chromel-alumel 

2. Iron-constantan 

3. Chromel-X-copel 

4. Copper-constantan 


Approximate Composition 
(Ni 90, Cr 10) — (Ni 94, Mn 3, A1 2, Si 1) 
(Fe) — (Ni 46, Cu 64) 

(Ni 64, Cr 11, Fe 25) — (Ni 45, Cr 65} 
(Cu) — (Ni 46, Cu 54) 


The chromel-alumcl couple is the most widely used of all couples. 
It has a fairly straight line calibration curve and good resistance to 
oxidation. It is frequently used up to 2000°F (1094°C) in continuous 
service and intermittently up to 2400°F (1315°C). 

The iron-constantan couple is not recommended for continuous use 
under oxidizing conditions at temperatures above 1400°F (760°C), but 
under reducing conditions it has a longer life and is more satisfactory 
than chromel-alumel up to 1800®F (981 °C). 

The copper-constantan couple is not generally used above 600°F 
(315°C). 

Base metal couples are much less expensive than platinum couples 
but their calibration is more liable to change with use and they cannot 
be used at as high a temperature. 

Table 5 gives the representative emf values for the commercial 
couples. 

Calibration of Thermocouples. Thermocouples can be checked 
against the freezing points of pure metals or by comparison with standard 
couples of known accuracy. Certified pure metals are obtainable from 
the National Bureau of Standards for a nominal sum and the metals 
most commonly used are lead, tin, zinc, and silver. 

A furnace similar to that shown in Fig. 33^ is recommended for basic 
calibrations. If several couples are to be calibrated the variable junc- 
tions can be welded together and the emf values compared at a constant 
temperature. Control couples for furnaces should be placed near the 
heat source as shown on the diagram. 

The values of the emf generated by the couple at several different 
temperatures can be used to construct a calibration curve, plotting 
millivolts against degrees Fahrenheit or centigrade. The curve usually 
fits the equation 

= a "b 

where E is the emf 

t is the temperature 
a, 6, and c are constants. 

^ W. F. Roeser and H. T. Wensel, ** Methods of Testing Thermocouples and 
Thermocouple Materials,” National Bureau of Standards, R.P. 768; Res. Joum., 
Vol. 14, p. 259 (1935). 
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Table 5. Calibration Tables for Commercial Thermocouples'^ 
(Emf in millivolts. Cold junction 0°F.) 


Temperature 

op 

90 Pt, 10 Rh 
vs. 

Platinum 

Chromel 

vs. 

Alumel 

Iron 

vs. 

Constantan 

Copper 

vs. 

Constantan 

0 

0 

0 

0 

0 

100 

0.313 

2.20 

2.88 

2.19 

200 

0.687 

4.50 

5.84 

4.64 

300 

1.108 

6.77 

8.87 

7.32 

400 

1.565 

8.99 

11.94 

10.19 

500 

2.048 

11.24 

15.01 

13.24 

600 

2.549 

13.53 

18.08 

16.44 

700 

3.067 

15.86 

21 . 15 


800 

3.597 

18.20 

24.23 


900 

4.136 

20.56 

27.33 


1000 

4.686 

22.93 

30.46 


1100 

5.247 

25.30 

33.66 


1200 

5.817 

27.66 

36.96 


1300 

6.399 

30.01 

40.38 


1400 

6.990 

32.33 

43.88 


1500 

7.592 

34 62 

47.40 


1600 

8.204 

36.88 

50.82 


1700 

8.826 

39.11 

54.44 


1800 

9.457 

41.30 

57.96 


1900 

10.099 

43.45 



2000 

10.749 

45.57 



2100 

11.408 

47.65 



2200 

12.069 

49.69 



2300 

12.734 

51.68 



2400 

13.397 

53.63 



2500 

14.060 

55.53 



2600 

14.721 




2700 

15.380 




2800 

16.035 




2900 

16.688 




3000 

17.339 





* Data from Leeds dc Northrop Co. Standard Conversion Tables, No. 21031 (1041). 





Fig. 33. Furnace for determining freezing points. (After Roeser and Wensel, 
National Bureau of Standards.) 
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If standard calibration tables are available for the type of couple 
being used, any deviations from the standard tables can be noted. A 
calibration curve or table is accurate only for one cold junction tempera- 
ture. When the couple is used at any other cold junction temperature 
a cold junction correction must be applied: 

Correct temp = reading -|- (actual C. J. temp 

— calibration C. J. temp)iC 

The values for the constant K are I for a chromel-alumel couple, ap- 
proximately 0.5 for the standard platinum couple, 0.9 for the iron- 
constantan, and 0.85 for the copper-constantan couple. These values 
vary slightly with the hot junction temperature. Most indicating and 
recording instruments are provided with manual or automatic cold 
junction compensators and the cold junction is usually at room tempera- 
ture. A special pair of extension leads is available for each common type 
of couple and the thermoelectric characteristics of the lead wires are 
similar to those of the thermocouple wires. Their use permits the 
spacing of the cold junction at a distance from the furnace. 

The hot junction of a thermocouple is usually protected against con- 
tact with molten metal or corrosive atmospheres by a protecting tube 
made of impervious and refractoiy material. 

Automatic temperature-controlling or -recording instruments are 
usually actuated by thermocouples and are available in either the po- 
tentiometer or the galvanometer type of instrument. Bare couples 
are used for measuring ladle temperatures of molten brass, etc., in 
order to obtain fast readings with little lag. 
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MECHANICAL PROPERTIES 

The term mechanical 'properties is usually applied to properties deter- 
mined by ordinary static and impact tests, particularly the tensile 
test. Under physical properties are usually classed those which are 
ordinarily determined in a physics laboratory, such as thermal and 
electrical conductivity, specific heat, boiling point, etc. 

Stress 

When a force or a load is applied to a metal there is an equal and 
opposite amount of resistance within the metal which is referred to as 
a stress. Stresses are described by their direction and magnitude. 
They are usually classified according to their direction as: tensile, com- 
pressive, and shear. The term stress usually implies a unit stress and 
is measured as force per unit area, in this country as pounds per square 
inch (psi) and in Europe as kilograms per square millimeter. 

A stress in a body is always accompanied by a deformation called a 
strain. Strain is measured in terms of deformation per unit dimension, 
and usually as inches per inch. A strain is not a force. 

Proportional Limit (P.L.). Proportional limit is the stress at which 
the defonnation ceases to be proportional to the load. It Ls determined 
by a strainometer (extensometer for tension, coinpressometer for com- 
pression, and doflectometer for transverse tests), values being read from 
plotted results.^ Fig. 34 shows that the proportional limit decreases 
as the testing temperature increases. Within the proportional limit, 
stress is proportional to strain (Hooke’s law) and the stress-strain curve 
below the proportional limit is a straight line. 

Elastic Limit (E.L.). Elastic limit is the stress at which the initial 
j)ermanent deformation (elongation or shortening of the gage length) 
occurs, as shown by an instrument of high precision (determined from 
set readings with extensometer or compressometer). In transverse 
tests, the extreme fiber stress at which the initial appreciable permanent 
deflection occurs as determined with deflectometer. Tests are rarely 
made for elastic limit since they involve repeated application and 

^ Nat. Bur. Stand. Circ. 101, “ Physical Properties of Materials.” 
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release of load and require considerable time. For practical purposes 
the elastic limit may be regarded as equal to the proportional limit. 

Yield Point (Y.P.). The yield point is the stress at which marked 
increase in deformation of specimen occurs without increase in load, 
as determined usually by drop of the beam ; on hydraulic machines, by 
change of direction of load indicator, or by dividers. A definite yield 
point is observed in testing soft steels which have not been cold worked 
but other metals and alloys do not possess this property. For these it 
is customary to report a yield strengthy which is the stress required to 
produce a definite amount of permanent deformation, usually 0.2 per 
cent in 2 in. 

Tensile Strength (T.S.). The tensile strength is the maximum stress 
applied when a specimen is broken in tension. 

Example. Given a wire of cross-sectional area of 0.001 sq in. A 
load of 60 lb is required to break it in tension. 


Tensile strength is also called ultimate strength, maximum strength, 
and breaking strength. The cross-sectional area is referred to as the 
original area before testing and not the final area. 

Elongation (Per Cent). This is the percentage of elongation or ex- 
tension of a tensile bar after rupture and is found by dividing its increase 
in length by the original gage length. Steels usually neck ” at the 
point of rupture; consequently, the shorter the gage length, the higher 
the percentage of elongation for such metals. Elongation is an indica- 
tion of the ductility of the material. 


per cent elongation 


final length — original length 
original length 


X 100 


Reduction of Area (Per Cent). This is the percentage of reduction 
or contraction in area of a tensile bar after rupture and is found as the 
ratio of the difference between the original and broken area of cross 
section to the original area. 


per cent R. A. 


original area — final area 
original area 


X 100 


Poisson’s Ratio (X). This is the ratio of lateral contraction per unit 
of diameter to longitudinal extension per unit of length of a round bar 
under terminal tension within the proportional limit. If the volume 
remained constant the value would be 0.5. Actually there is an increase 
in volume and the ratio for various metals falls between 0.24 and 0.42. 
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Modulus of Elasticity in Tension or Compression (E). This is the 
ratio of stress within the proportional limit to the corresponding strain 
as determined with a precise strain gage. The more accurate deter- 
minations are made with a gage length at least 8 in. Fig. 34 shows the 
modulus of elasticity to decrease with the testing temperature. When 
the term modulus of elasticity (E) is used it refers either to tension or 
compression. 

Modulus of Elasticity in Shear (£5). This is the ratio of stress 
within the proportional limit to the angular strain (in radians). The 
following theoretical relation exists between the modulus of elasticity 
in shear and the ordinary modulus of elasticity. 

E 

^ oTTT — T ^ ” Poisson's ratio 

2(1 + X) 

It is usually determined by the torsion of a round bar. 

Modulus of Rupture (/?). This is the maximum stress in the extreme 
outer fiber of a beam tested to rupture, as computed by the empirical 
application of the flexural formula to stresses above the transverse 
proportional limit. For a simple rectangular beam with concentrated 
load at the center 

^ 1.5 X load X span 

R = ; ; — 

area X depth 

Brittle metals, e.g., tungsten carbide, are tested in this manner. The 
theoretical value of i? = Me/ 1 where 

M = bending moment or load X length 
c = distance of outer fiber from neutral axis 
I = moment of inertia of section 


Torsional Strength or Modulus of Rupture in Torsion (S). This is 
the maximum stress in the extreme fiber of a specimen tested to rupture 
by empirical application of the torsional formula to stresses above the 
torsional proportional limit. 


For round specimens S 


5.1 X twisting moment 
diameter® 


In ductile materials the stress at rupture is considered uniformly dis- 
tributed over the area and 

5 3.82 X twisting moment 

diameter® 
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The theoretical value for round specimens is S = {Ppc)/J or 

load acting at a distance p from axis of twist X radius of bar 
polar moment of inertia 


Modulus of Resilience. This is the amount of energy stored up in a 
body when one unit volume of the body is stressed to its proportional 
limit. 


modulus of resilience 


(proportional limit) ^ 
2(modulus of elasticity) 


2E 


Ductility. Ductile materials are those capable of undergoing con- 
siderable permanent (plastic) deformation when tested in tension. A 
metal which can be drawn easily into wire is ductile. Ductility Is 
dependent on both plasticity and tensile strength. Ductile metals 
actually fail in shear, grain by grain, along their slip planes. 

Malleability. Malleable materials are those which can be readily 
deformed by compression as by hammering, swaging, or rolling. Malle- 
ability is dependent on plasticity but more independent of strength 
than is ductility. 

Toughness. Tough materials are those which require a large amount 
of work (force X distance) to rupture them. The area under the stress- 
strain curve, if the specimen is carried to fracture, is proportional to the 
toughribss. Lead is plastic, quite malleable, having low ductility and 
low toughness because it has a rather low load-carrying ability. 

Brittleness. Brittle materials usually have high load-carrying ability 
but little plasticity or slippage; they cleave rather than slip when 
stressed to rupture. They have exceedingly low ductility and malle- 
ability and usually have considerable hardness. 


Hardness 

Hardness may be defined as resistance to penetration. One of the 
early hardness tests used by mineralogists was Mohs* white hardness 
scale of ten minerals, listed in the order of increasing hardness: talc, 
gypsum, calcite, fluorite, apatite, orthoclase, quartz, topaz, corundum, 
and diamond. The hardness of an unknown mineral was determined 
by scratching with the ten standard minerals. Table 6 shows that 
there is a large gap in hardness between topaz and diamond. 

The most common methods for testing hardness of metals are de- 
scribed as follows. 

Brinell. In this test the hardness of a metal is determined by the 
size of an impression produced by a ball penetrator under a definite 
load. The Brinell Hardness Number is simply the load on the pene- 



60 


MECHANICAL PROPERTIES 


Table 6. Habonbss of Mohs Minerals and Abrasive Matbriaib* 


Samplea 

/t 

Gypsum 

32 

Calcite 

135 

Fluorite 

163 

Apatite || to axis 

360 

Apatite ± to axis 

430 

Albite 

490 

Orthoclase 

560 

Crystalline quartz || to axis 

710 

Crystalline quartz -L to axis 

790 

Topaz 

1250 

Carboloy 

1050-1500 

Regular alundum No. 1 

1635 

Regular alundum No. 2 

1625 

Regular alundum No. 3 

1620 

98 — alundum No. 1 

1670 

98 — alundum No. 2 

1680 

Black silicon carbide No. 1 

2150 

Black silicon carbide No. 2 

2050 

Green silicon carbide No. 1 

2130 

Green silicon carbide No. 2 

2140 

Molded boron carbide No. 1 

2250 

Molded boron carbide No. 2 

2260 

Molded boron carbide No. 3 

2250 

Diamond 

8200-8500 


♦C. G. Peters and F. Knoop, '* Metals in Thin Layers — Their Microhardness,” Metals and Alloys, 
Vol. 12, 297 (September, 1940). 

t / is indentation hardness nearly identical with Vickers hardness. 


trator divided by the spherical area of the impression, in kilograms per 
square millimeter, and this applies to any size of penetrator and any 
load. 

The standard Brinell test makes use of a steel ball or tungsten carbide 
penetrator of 10 mm diameter and a load of 3000 kg for steel or 500 kg 
for brass, bronze, and soft metals in general. The load is usually ap- 
plied for 30 sec, but a minimum of 10 sec is permitted by A.S.T.M. 
specifications in iron and steel specimens. Steel ball penetrators can 
be used safely for hardness values up to 500 Brinell, and tungsten car- 
bide balls are useful for values up to approximately 800 Brinell. The 
diameter of the impression is measured in millimeters and this value is 
converted into the Brinell Hardness Numbers (often reported simply 
as ** Brinell '0 by means of a table or by the formula 

L 

ir§(Z)- VD»-d*) 

2 


BHN = 
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where L = load in kilograms 

D and d respectively = the diameters of the ball and of the impression 

in millimeters. 

The size of the specimen tested must be large enough so that no 
visible effect of cold work can be observed on the side next to the anvil. 
For testing small specimens, lighter loads and smaller penetrators are 
sometimes used. Such tests meet the A.S.T.M. specifications provided 
the ratios of the load to the diameter of the penetrator are 

L = 30D^ for iron and steel, or 
L = 5Z)^ for brass, bronze, and soft metals in general 

Vickers. The Vickers hardness test is similar to the Brinell test but 
the penetrator used is a 136° diamond pyramid which can be used on 
very hard metals. The load is varied from 1 to 120 kg, according to 
requirements. The operation of the machine is semiautomatic, the 
load being applied for a predetermined period, usually 10 or 30 sec. 
A measuring microscope, conveniently mounted for swinging into posi- 
tion over the impression, is used to measure the diagonals of the square 
impression. The Vickers Hardness Number is calculated by the 
formula 


_ 1.854 X load in kilograms 

(diagonal of impression in millimeters)* 

The values for VHN are practically identical with the Brinell up to 300 
but are greater for harder specimens. ^ 

The diamond penetrator distorts very little even when very hard 
materials are tested, permitting high accuracy over a wide range of 
hardness values, from very soft metals like high-purity lead of about 
4 Brinell up to as high as 1800 VHN. 

Knoop Indenter. A micro-Brinell (Fig. 35), recently developed by 
Peters and Knoop, shows much promise in the testing of either thin or 
thick material of all hardness ranges. The indenter is a diamond 
crystal of pyramidal shape with angle of 172° 30' in one direction and 
130° at right angles to it. The loads ordinarily vary from 50 g to 2 kg, 
and the indentation hardness, /, is the ratio of the load in kilograms to 
the unrecovered projected area of the impression in square millimeters. 
The impressions are determined with an ordinary micrometer micro- 
scope. The I values are nearly identical with Vickers numbers, as 
would be expected. 

Table 6 shows the hardness of Mohs minerals, as used by mineralogists 



62 


MECHANICAL PROPERTIES 


for scratch hardness, and of abrasive materials as tested with the Knoop 
indenter. One of its important fields of application is in the determina- 
tion of hardness of various microconstituents. 



Courtesy Metals <fc Alloys, and National Bureau of Standards 

Fig. 35. Knoop hardness testing marhine. 


Rockwell. The Rockwell test operates on the same principle as the 
Brinell but the depth of penetration Is measured instead of the diameter 
of the impression. A diamond cone penetrator (120°) with a slightly 
rounded tip (radius 0.2 mm) is loaded with a minor load of 10 kg, 
primarily to seat the penetrator; a major load (regularly 150 kg for 

C ” scale) is applied and released after a specific time, usually 10 sec. 
The hardness is measured by the difference in depth of the major and 
minor loads so the work must be very rigid. The increment of depth 
for an increment of load is 0.00008 in. for each point of hardness on the 
Rockwell scale; e.g., if a die steel is C 60 at one location and C 55 at 
another the latter impression is deeper than the former by 5 X 0.00008 
in. Thus, hardened steels can be easily tested as the depth of penetra- 
tion is about 0.005 in. With the Superficial ” model the penetration 
is about 0.002 in. so even thin work can be tested. There are two 
standard hardness scales usually used with the standard model — 
the B for softer steels and nonferrous metals and the C for hardened and 
tempered steels. The various scales in use are shown in Table 7. 

As the Rockwell machine is direct reading and fast in operation it 
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Table 7. Scales Used in Rockwell Hardness Testing 


Scale 

Penetrator 

Load in Kilograms 

Reading 

B 

H«" steel ball 

100 

Red numerals 

C 

Diamond cone 

150 

Black numerals 

Special Scales 

A 

Diamond cone 

60 

Black 

D 

Diamond cone 


Black 

E 

steel ball 


Red 

F 

He" steel ball 

60 

Red 

G 

He" steel ball 

150 

Red 

H 

steel ball 

60 

Red 

K 

steel ball 

150 

Red 


Standard blocks are available for checking purposes. 


has found wide application in industry for work which can be properly 
supported. Both Rockwell and Brinell machines mark the work and 
for highly finished parts of hardened steels these impressions may not 
be desirable. 

Shore Scleroscope. The scleroscope measures the height of rebound 
of a diamond-tipped hammer, with a well-rounded point, when released 
from a low height. With hardened surfaces well polished there is little 
marking of the work. There are two main types, one in which the 
hammer is pneumatically operated in a glass tube and the operator 
must watch for the height of rebound, and the other a more precise type 
having a dial recording the height of rebound indicated by a hand on a 
dial. The work must be smooth and rigid for this test and the surface 
must be normal to the fall of the hammer. The instrument is reliable 
only when in the hands of a skilled operator; it is one which must be 
checked constantly against standards of the maker. The instrument 
still has an important place in industry; it is more easily portable and 
can be taken to large and heavy work. 

Microcharacter. The microcharacter, developed by Bierbaum, is a 
hardness testing instrument capable of determining the scratch hard- 
ness of various microconstituents when distributed finely in alloys. 
The hardness of various microconstituents is obtained by scratching 
with the cube edge of a diamond, accurately ground, with a load of 3 g. 
Any good microscope, with a filar screw micrometer ocular of 15 or 25X. 
and an objective capable of resolving one micron (1 = 0.001 mm) and 
equipped with a vertical illuminator, will suffice to measure the micro- 
hardness numbers (K). 

K = (width of cut in microns)’“*10* 
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Table 8, which formerly appeared on this page, was 
erroneously accredited to the Wilson Mechanical Instru- 
ment Company. It has been replaced by the better and 
more complete table actually prepared by them. 

. (The new table is shown on the facing insert) 
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Application has been limited mostly to the hardness of microconstituents 
of bearing metals. 

Table 8 shows general conversion values for many of the hardness 
numerals. 


Fatigue or the Progressive Failure of Metals 

Many parts of automobiles and tractors are designed so they seldom 
fail from static loads. About 90 per cent of the failures of rear axles, 
front spindles, crankshafts, and gears fail at stresses below their pro- 
portional limit and fracture as though brittle, showing no apparent 
plastic deformation. Static tests on these same parts usually show high 
ductility as measured by the percentage of elongation. 

Frequently, laymen describe these failures as crystallized ” and 
believe erroneously that the metal crystallizes in service. Actually, 
no grain growth can occur in steel at ordinary temperature, even imder 
repeated stresses. A careful examination of this type of fracture usually 
shows that it started at some stress-raiser ” which may have been a 
nick, scratch, inclusion, or an abrupt change in section without the 
proper fillet. High concentration of stress at this point caused local 
overstressing of the metal and a minute crack appeared which progressed 
very gradually at first 
with each application of the 
load. As the crack increased 
in size, the stresses were 
intensified at this point 
and the crack progressed 
at an accelerated rate 
imtil the remaining section 
could no longer sustain 
the load and failed at 
once. The resultant fracture 
shows two distinct zones: 

Near its origin the faces 
of the original crack have 
rubbed together and the 

fracture is usually smooth t t j. • t 

and polished, whereas the passenger automobile. Section was subjected 
last part to fail looks like to reversed bending and progressive cracking 
an ordinary ductile frac- took place at the top and later also at the bottom 
ture and this area is fre- position in the figure. x 2. 

quently very small. Fig. 36 illustrates another common characterisiio 
of this type of fracture, namely, zone lines which indicate the progress^ 
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of the fissure at various stages, sometimes referred to as ‘‘oyster 
shell markings. The micrograph (Fig. 37), shows that the path of 
the progressive crack is across the grains (transgranular) and along 
the crystallographic planes. 



Fig. 37. Path of progressive fissiiring in ingot iron showing transgranular cracking 
paralleling slip planes. X 1000. 

This progressive fissuring is called fatigue^ which is really a misnomer. 
It is customary for designing engineers to use the so-c*alled “ endurance 
limit ” of a material in calculating allowable stresses in highly stressed 
aircraft and automobile parts, etc. The endurance limit is the max- 
imum stress which can be applied repeatedly for an infinite time without 
causing failure. It is determined experimentally by the use of various 
“ fatigue testing machines which usually stress the si)ecimen by 
reverse bending, but sometimes by plain bending, plain torsion, reverse 
torsion, axial loading in tension, or in alternate tension and compression. 
Most of the published values for endurance limits have been obtained 
with a rotating beam type of machine which can be operated at high 
speeds. A specimen of circular cross section is deflected elastically by 
a known force (bending) and as it is rotated the stresses at any point in 
the surface undergo a reversal from 100 per cent tension through 100 per 
cent compression during each revolution. A number of specimens are 
broken at various loads and the results plotted on semi-log paper as 
shown in Fig. 38. The number of reversals or cycles which caused 
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failure is plotted against the load. If all the test bars are uniform and 
polished axially there is very little scattering of points. For steels and 
a few nonferrous alloys, a definite knee occurs in this curve at the 
endurance limit. Ten million reversals are sufficient to determine the 
endurance limit of steel whereas nonferrous alloys usually are tested 



Fig, 38. S-N curve for determination of endurance limit. Note the logarithmic 
plotting for cycles. This is a semi-loR plot. Lor-Iok plots, with stress as well as 
cycles plotted on logarithmic scales, are also used. The arrows indicate specimens 
unbroken after 50 million (‘ydes. 


for a larger number of cycles, do])cnding upon the expected number of 
load reversals in service. For these, the curve shows no definite knee 
and the number of reversals should be stated with the test results. 
Aluminum and magiK'siurn alloys are usually tested for 500 million 
cycles. 

Tensile strength and Rrinell hardness appear to be more closely 
related to endurance limit than other mechanical properties. For 
steels, below 180,000 psi tensile, the average ratio between endurance 
limit and tensile strength is 50 per cent as shown in Fig. 39. The ap- 
proximate endurance limit can also be calc\ilated by multiplying the 
Brinell hardness number by 250. Surface hardened steels (carburized, 
nitrided, etc.) have their endurance limit raised more when tested by 
repeated bending than by axial loading. For nonferrous alloys the 
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ratio of endurance limit to tensile strength is less definite, but usually 
falls within the range of 25 to 50 per cent. 



Courtesy Bullens-Battelle 


Fig. 39. Relation between tensile strength and endurance limit for steels. 


Internal Fissures. Most fatigue cracks start from a surface imper- 
fection, but internal flaws may also be the cause. Transverse fissures 
in railroad rails are progressive cracks caused by internal shatter 
cracks which in turn are produced by too rapid cooling of the rails 
after rolling in the steel mill. Under repeated stresses these transverse 
cracks often progress until the head of the rail is internally broken almost 
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all the way across (Fig. 40) without any indication being visible on the 
surface. 

Corrosion Fatigue. Under conditions of combined corrosion and 
repeated stress there is no definite endurance limit and high tensile 
steels have about the same usefulness as low tensile steels if their resist- 
ance to corrosion is about the same, as shown in Fig. 39. If corrosion 
problems are encountered, as in diamond drill rods and sucker rods, th(^ 
only solution is to use steels with a high resistance to corrosion. 



CHAPTER VII 

METALLOGRAPHIC CONTROL 
Inspection and Control 

Visual Examination. The inspection of ingots, blooms, billets, slabs, 
bars, and wire is largely visual. The surface is carefully checked by 
experienced men and surface defects are marked. If not too deep they 
can be removed by chipping hammers, cutting torch, or grinding. 
Forging steels and slabs for sheets receive this treatment to prevent the 
defects from being carried through to the finished piece. Some of the 
important defects found by visual inspection are pipe (see Chapter IX), 
blisters, dirt pits, scratches, scale, slivers, seams, scabs, and stringers. 

Upsetting. Wire rod and bars of metals to be forged or wire to be 
drawn to smaller sizes are upset to detect seams, slivers, etc. The 
process is carried out at ordinary temperature and is a drastic test for 



Fig. 41. Cold upsetting test, etched for flow lines. Transverse section through 
the center after upsetting. Outside bowed surface should be examined for seams 

and slivers. X 4. 

its purpose. Fig. 41 is a macrograph (meaning that it was photographed 
at a magnification of less than ten diameters) of a cylindrical bar which 
was cold upset by applying pressure at the top and bottom so as to 
flatten it endwise. 
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Twisting, Strands of wire are frequently twisted together and later 
untwisted for detection of slivers and seams. This is a good test also 
for coating brittleness of galvanized steel wire. 

Magnetic Powder. A nondestructive method of inspection is used 
extensively for detecting in magnetic materials, small cracks or seams 
that would ordinarily be missed by visual means. The method con- 
sists in magnetizing the bar and covering it with a very fine, dry, mag- 
netic powder (magnetite or Fe 304 ) or an emulsion of such powder in a 
light oil such as kerosene. Semifinished tool steel bars are often 100 
per cent inspected in this way to insure a sound finished product. The 
method is also applied to quenched, ground, and welded parts to guard 
against defects that would eventually result in failure. 

Fracture and Grain Size. One of the oldest tests is simply to nick 
and break off a section for examination of the fracture to show grain 
size, pii^e, segregation, etc. The Swedish or Jernkontoret test for tool 
steel fractures is similar to the Shepherd test in which the standard 
consists of a series of ten steels of varying grain sizes. This test Is 
made by comparison with actual standards in a few minutes and checks 
well with the A.S.T.M. grain size Designation E-19 determined by 
microscopic examination at 100 diameters. In the Shepherd test, 
however, there are ten sizes whereas in the A.S.T.M. E-19 there are 
only eight sizes, varying on the geometric progression as follows. 

No. 1, up to V/i grains (per sq in. at 100 X) 

No. 2, 13^ to 3 grains 

No. 3, 3 to 6 grains 

No. 4, 6 to 12 grains 

No. 5, 12 to 24 grains 

No. 6, 24 to 48 grains 

No. 7, 48 to 96 grains 

No. 8, with 96 and more grains 

Carburizing steels are frequently purchased on a grain-size basis 
called the “ McQuaid-Ehn '' whereby the steel Is carburized about 
8 hr at 1700®F followed by slow cooling and then polished and etched 
for A.S.T.M. grain size. 

The nonferrous standard, A.S.T.M. Designation E-2, lists ten grain 
sizes which give the average grain diameter in millimeters at 76 magnifi- 
cation as 


0.010 

0.065 

0.015 

0.090 

0.025 

0.120 

0.035 

0.150 

0.045 

0.200 
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Small sections of metals are bent forward and reverse to failure in 
checking for segregation, seams, pipe, etc. This test reveals also the 
relative brittleness of bars, strip, and sheet. 

Grinding Cracks. Many properly fabricated and hardened parts 
are ruined in the grinding operation. Two factors appear to be the 
source of most of the trouble. Since all quenched parts not properly 



Fig. 42. Shear blade severely cracked by grinding. Above, the edge; indicates 
the depth of metal affected; below, the ground surface of the blade. 



Fig. 43. Grinding cracks on a case-hardened piston pin in untempered state. 

tempered are highly stressed, the removal of material from one side will 
have a tendency to redistribute stresses and cause warpage. The other 
factor is the removal of excess stock without regard for the proper pre- 
cautions. The piece becomes overheated by too rapid grinding, 
“ loaded wheels, or improper cooling, and cracking may result. Cases 
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of this kind usually show blue spots on the ground surface, indicating 
rise of temperature due to friction. Fig. 42 shows a shear blade severely 
cracked by grinding. Fig. 43 is an example of grinding cracks on a 
piston pin; it shows the typical crLss-cross checked pattern of grinding 
cracks. 

Spark Test. Steels of different types are frequently identified by 
noting the shape and color of the spark pattern when held against an 
ordinary grinding wheel. Most laboratories have a series of iron and 
steel samples of known composition so the test is easily made by com- 
parison in a few minutes. This test aids considerably in sorting mixed 
stock. 

Hot Etching. The customary hot etching solution for steel is 50% 
concentrated HCl, or muriatic acid, plus 50% water, heated to a tem- 
perature of 160-175°F. For carbon steels about 30 min Ls sufficient 
to show pipe, porosity, or seams, and distribution of forging lines. 
Flow and forging lines are shown in Figs. 44 and 45. 



Courtesy Wyman-Oordon Co. 


Fia. 44. Flow and forging lines. Left^ proper design of forging dies and proper 
shaping of metal; rights the result of poor design in the forging dies resulting in im- 
proper flow and distribution of metal. 

Hardened steels with high internal stress will crack profusely when 
deep etched whereas tempered streets without appreciable internal stress 
will not crack. 

Many other deep-etching solutions, either hot or cold, will show fiber 
lines and cracks in wrought metals. 

Some of the many tests used in inspecting metal products may be 
listed as follows. 


Chemical analysis 
Dimensions, camber, waves, etc. 
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Mechanical properties 

Hardness: Brinell, Rockwell, scleroscope, file, etc. 

Tensile properties: tensile strength, elastic limit, proportional limit, yield 
point, elongation, reduction of area 
Impact tests: Charpy, Izod, etc. 

Torsion tests 
Bend tests 
Twist test 
Shear test 
Upsetting, heading 

Surface finish and appearance (visible) 

Blisters, dirt pits, scratches, scale, slivers, seams, scabs, stringers, pipe, 
stretcher strains, chatter marks, waves, grinding cracks, coatings 
Internal inspection 

Macrostructure: grain size, segregations, deep etching for flow lines, 
forging lines, or fiber 

Microstructure: microconstituents and distribution; inclusions 
Magnetic: “ Magnaflux,’’ permeability, etc. 

X-ray: crystal orientation, radiography for ruptures, cracks, and blow 
holes 



Fia. 45. Section of a camshaft in which the forging lines are satisfactory. Dark 
line through the center indicates a pipe in the original bar. This results from in- 
sufficient cropping of the ingot. 

Microscopic Ezaminatioii 

The microscope is by far the most important tool of the metallogra- 
pher from both the scientific and technical standpoints. The early 
investigators, around 1885 — Sorby, Martens, Osmond, Wedding, etc. — 
are responsible for changing the ordinary technique with petrographic 
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and biological microscopes using transmitted light and thin sections to 
that of reflected light from the surface of a polished and etched metal. 
One of the most important points in metallography is, therefore, the 
preparation of a microsection relatively free from scratches and cold- 
worked metal (surface flow). 

Sample Preparation. In general the sample, from wrought or cast 
metals, is selected by sectioning so it will give the maximum information 
over the smallest area because the larger the area the longer the time 
for grinding and polishing. An area about a half-inch square is a very 
convenient size. With wrought metals it is desirable to have a longi- 
tudinal section in the direction of working because any grain distortion 
from mechanical work, or segregations and inclusions, can be more 
easily detected. The choice of the proper sample for a microsection is 
of extreme importance with metals which have failed in service; the 

sample is usually taken next to the 
failure. Small samples, i.e., wire, 
turnings, and powders, are preferably 
mounted in a small plastic press 
in a matrix of Incite, bakelite, etc. 
(Fig. 46). 

In order that photomicrographs can 
be made of extreme edges at high 
magnifications, it is necessary to pre- 
vent the edges from beveling during 
polishing. This is accomplished by 
plating on a metal of somewhat simi- 
lar hardness, as chromium on hardened 
steel and copper on soft steel, or by 
inserting a metal of like hardnass 
adjacent to the sample and mounting 
in plastias or in low-melting materials 
— sulfur, rosin, sealing wax, plaster of 
Paris, etc. There is a great advantage 
in mounting the inserts in plastias 
because the matrix is quite inert to 
alcohol and the usual etching solu- 
tions. Also, transparent plastics enable one to note the orientation of 
the sample with reference to the plane of polishing. 

Sawing is the most common way of cutting out samples. With 
hardened metals, cutting-off ” wheels of silicon carbide bonded with 
rubber or resins are used and the metal temperature is preferably kept 
low by water cooling. 



Courtesy A. I. Buehler 

Fio. 46. Press for mounting speci- 
mens. 


GRINDING 


77 


Grinding. The best grinding is done with bench grinders having 
relatively soft bonded wheels of alumina (Grade 50-N3L or 50-K4:A); 
they will remain quite flat if the operator tries to keep them so. A 
silicon carbide wheel is required for hard tungsten carbide samples and 
other hard materials. An ordinary surface grinder, available in most 
shops, is a good tool for large samples. Minimum pressure in this and 
following operations should be used. In all succeeding grinding opera- 
tions the sample Is ground until all scratches from the preceding step 
are eliminated. There is a considerable advantage in slightly beveling 
corners and edges if they are not needed for edge examination. Sharp 
corners may tear polishing cloths and fias may break off and scratch the 
samples. 

The second grinding operation in the University of Minnesota labora- 
tories is done on a silicon carbide paper (No. 320-A Wetordry Tri-m-ite) 
made by electrostatic bonding with the carbide grains standing on end. 
This paper is one of the fastest cutting papers of that fineness made. 

The next operation follows a sequence of fine polishing papers — 
1, 0, 00, and 000 — made by Rehr-Manning or Hubert of France. 

The best polishing is still done by hand on flat surfaces; the sample is 
moved forward and backward by hand motion, keeping a minimum of 
pressure. Soft samples which tend to load are operated on these papers 
by wetting with kerosene or a little paraffin dissolved in benzol. This 
washes away the grit as it is loosened, lowers the temperature, and pre- 
vents loading of the surface of soft metals such as lead, aluminum, and 
tin. 

The last fine grinding operation (at the University of Minnesota) is 
done with a paraffin lap composed of No. 600 silicon carbide mixed with 
liquid paraffin and cast onto a flat disk, slightly roughened, for a thick- 
ness of about half an inch. Specimens are held and rotated slowly by 
hand on vertical disks running at about 600 rpm, and cutting is fast 
without the customary scratches obtained with 000 paper. Some of 
the advantages of the paraffin lap are: 

1. Fast operation. Alloys of Al, Mg, Cu, and Fe can be polished 
quickly with less resultant scratches than mth dry papers. 

2. Abrasive is not worked into the surface of soft metals. 

3. It is exceedingly economical in operation. 

4. Samples do not heat as much and consequently do not flow 
much with increased pressure because of the lubricating effect, 

5. It is especially good for cast and malleable iron as it keeps graphite 
from smearing. 

6. Cracked samples have the cracks filled with paraffin; this prevents 
seepage of etchant. 
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It is generally accepted that the best grinding, fine or coarse, and 
polishing are done at the slowest speeds, with the minimum pressure, 
and at the lowest temperature. A wet operation throughout is desired; 
however, dry grinding if properly done is satisfactory and used mostly 
in large laboratories because it is more convenient. 

Probably the best method of fine grinding is to use lead laps with 
No. 600 or finer powders, but this method is recommended only when 
one or two polishing operators are involved who can maintain them. 
This method is especially desirable for complex mineral samples having 
soft and brittle minerals together in the sample. 

There are several automatic polishing machines available which re- 
quire the mounting of specimens in special holders. In most cases, 
however, one good specimen polisher, by hand methods, can produce 
polishes better than the output from several machines. There are 
probably no two metallographic laboratories using the same giinding and 
polishing technique but in general the final results are about the same. 

Final Polishing. After fine grinding most polishing is accomplished 
wet on horizontal disks of aluminum alloys, brass, or plastics, covered 
with broa dcloth, billiard felt, or velvet. If the fine grinding has been 
properly done, a cloth with the minimum nap will be most satisfactory 
to avoid a pitted or rough surface. A conjsiderable quantity of abrasive 
is required on smooth ix)lLshing cloths to keep samples wet and cool 
because the abrasive is centrifuged off and ix)lishing Is relatively slow 
but inclusions are not pulled out. If the samples are thoroughly 
washed or wiped clean of abrasive before polishing there is little chance 
of obtaining scratches from a clean polishing wheel. A rubberized 
cotton fabric (with the rubberized side on the wheel) Is satisfactory for 
the best work becau.se these cloths can be scrubbed periodically without 
taking them off the disks and excess abrasive cannot build up from 
below the cloth. 

Jeweler^s rouge or levigated alumina is used for most polishing opera- 
tions. About two spoonfuls of abrasive are added to a 6(X)-cc suction 
flask filled with water and corked at the top. If the operator is careful 
and decants the suspension from the top there will be little difficulty 
from scratching. In this operation specimeas are rotated from time 
to time and care must be exercised so as not to overpolish. 

In conclusion, it appears that the best polishes are produced when 
the samples are optically flat and shiny and when any inclusioas are in 
place, and these results are best accomplished when the operator uses 
methods which keep the surface heat of the samples at a minimum. 
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There is still some art in polishing technique which one can obtain only 
through experience. 

Microscopic Examination of Polished Specimens. In most cases it 
Ls desirable to examine polished sections with a microscope to detect 
inclusions consisting of oxides, ‘^IfideS;^ sUic^tes, ^imn^ and graph- 
to. ThLs is the real test of the polishing operation and if one reports 
a section of metal as “ dirty ” one must be able to show that the inclu- 
sions are not arrow-shaped holes formerly occupied by the inclusions. In 
order to develop the structure of metal beneath the polished surface it 
is nearly always necessary to etch in a suitable etching reagent. 

Etching. The theory of etching polished surfaces of metals is that 
different phases will have different solution pressures and consequently 
will etch at different rates. The more insoluble phases are left in 
relief whereas others more soluble are dissolved away. Naturally, 
certain etching reagents will etch certain metals better than others; 
however, proper technique is of more importance in many cases than 
the choice of the reagent. Etching may be divided into two main 
classes, micro and macro. 

Micro-etching j as the name implies, Ls etching for microscopic exami- 
nation at magnifications above about 10 X. Macro-etching is, conse- 
quently, etching for magnificatioas below about 10 X and is much 
deeper than micro-etching. 

The proper time for etching a metal Ls determined only from expe- 
rience, but in general the procedure for most metals may be stated as 
follows : 

1. Clean the polished s|Xicimen of its polishing abrasive in a stream 
of clean, cold water. If oil and grease are prasent it may be necassary 
to clean again with ethyl alcohol. 

2. Swab sixicimen lightly with cotton batting saturated with the 
etchant. Watch specimen closely and when the polish disappears 
rinse with cold water. 

3. Dry immediately by blotting on a clean, flat towel and examine 
at magnification desired. 

For general nonferrous etching a solution of 10% HNO3 in ethyl 
alcohol (nital) is desirable, and for general structures of iron and steel, 
cast iron, and malleable cast iron, a saturated solution (about 5%) of 
picric acid in ethyl alcohol is most desirable. 

Tables 9 and 10 give etching reagents for micro- and macro-etching 
and Table 11 for inclusion identification for steels. 

Table 12 gives etching reagents used for nonferrous metals. 
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Table 10 {Continued) 

PuipoBe Composition Remarks 

, 2 parts concentrated sulfuric acid; Use at leO-lZS-P for at least H hr. Shows general structure and defects, 

1 part concentrated hydrochloric Surface A. 

acid; 3 parte water. 
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1 g picric acid; 1 drop concen- Use hot. Surface B. 
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ride; 10 cc hydrochloric acid; merse ground surface. Surface B. 
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Surface A is saw-cut or machined surface. 
B is average ground surface. 

C is polished surface. 



Table 11. Scheme for Etching Identification Tests* 

Appearance with Reflected White Light — X200, X500, XlOOO 

Gray or Black Inclusions Yellow, Tan, or Pink Inclusions 

Etch 10 sec in 10% alcoholic nitric acid Etch 1 0 min in boiling alkaline sodium picra te solution 
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♦ A.8.M. MeiaU Handbook, 1939, p. 1291. 
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♦ A.S.M. Metals Handbook^ 1939, p. 1472. 
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A.S.M, Metcds Handbook, 1939, p. 1558. 
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Metallvirgical Microscopes 

Metallurgical microscopes are used for examining and for recording 
photographically the structures of metal specimens. Since these are 

opaque and cannot be illuminated by 
transmitted light, a special type of 
illuminator must be used for all but 
very low magnifications where simple 
oblique illumination is occasionally use- 
ful. Ordinarily some form of vertical 
illuminator is u.sed which reflects light 
to the s|)eeimen through the objective 
lens of the microscope, preferably the 
plane-glass type, illustrated in Fig. 47. 
The totally reflecting prism type is 
much less useful since it permits the use 
of only one side of the objective aperture 
with greatly reduced resolving power 
and also gives a slightly oblique illumination. 

Some of the large inverted metallurgical microscopes are also equipped 
with a darkfield illuminator which illuminates th(' specimen obliquely 
from all sides. Smooth surfaces appear dark and grain boundaries light 
under this illumination which finds very limited application in mctallo- 
graphic work. Another gadget sometimes provided is an opaque stop 
placed in the center of the beam of light coming to the plane-glass 
illuminator. It provides conical illumination which tends to emphasize 
a relief structure. Polarized light illumination is also provided occasion- 
ally and finds very limited application in the identification of partially 
transparent inclusioas in steel. 

Optical Principles 

The most important component of the microscope is the objective^ 
the lens system nearest the object or specimen. The lens system 
nearest the eye is the eyepiece or ocular which serves to magnify the 
image of the objective for visual examination or to project it on a photo- 
graphic plate or film. 

Chromatic and Spherical Aberration. As the prime requisite of the 
objective is to resolve and magnify the details of the structure of the 
sample, it is necessary that it be corrected for two defects occurring in 
simple lenses which destroy sharp definition in the image : chromatic and 
spherical aberration. These are corrected by designing an objective 
made up of several leases asing different types of glass. 


To Eyepiece 



Fig. 47. Vertical illumination. 
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A simple lens not corrected for chromatic aberration brings images 
of different colors to a sharp focus at different distances from the objec- 
tive, as shown in Fig. 48. The achromatic objective is corrected to 
bring images of two colors to a focus in the same plane, whereas the 
apochromatic objective is the most highly corrected and brings images 
of three colors to a sharp focus in the same plane. 




Fig. 48. Illustration of chromatic and spherical aberration in simple lens. 

Spherical aberration (Fig. 48) ruins the definition of an ordinary 
uncorrected lens ; it is caused by the fact that the rays coming through 
the center of the lens are focused in a plane farther away from the lens 
than the rays coming through the edges. This effect is distinct from 
and independent of chromatic aberration, but both are corrected in the 
design of the leas by similar means involving the use of several grades 
of optical glass varying in refractive index and dispersive power. 

The simplest and cheapest lenses are nonachromat ic and are not used 
with metallographic microscopes. The next higher grade is the achro- 
matic lens, and the highest grade is the apochromatic lens; the fluorite 
or semiapochromat is intermediate in quality. All objectives are de- 
signed to give the best definition with one color of light (monochromatic), 
usually yellow-green to which the eye is most sensitive. Achromatic 
objectives are corrected for s])hcrical aberration for one color of light 
only and give the best definition when used with monochromatic light 
of that color. 

Resolving Power and Numerical Aperture. The resolving power of 

an optical system is its capacity to separate very close lines and show 
them clearly. The resolving power of an objective depends upon the 
angle of aperture (angle subtended between lines drawn from its focal 
point to the outer edges of the front lens of the objective). If the angle 
is wide more rays of light are collected and consequently a higher resolv- 
ing p)ower is obtained than with a narrow angle. The resolving power 
is proportional to the sine of half this angle and to the index of refraction 
of the medium between the objective and the specimen. The product 
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of these two factors Ls called the Numerical Aperture (N.A.). 

N.A. = n • sin 3^ angle of aperture 
n = index of refraction 
= 1 for air 

= 1.515 for oil of cedar 

Fig. 49 shows an objective with air for a medium on one side and oil 

i oil immersion lens collects a wider 
cone of light because of the higher 
index of refraction or bending power 
of oil of cedar as compared with 
air. Rays which would be lost by 
a dry lens (Ha) are refracted within 
the angle of the oil immersion lens 
(Ro)- For the highest magnifica- 
tions it is customary to use an oil 
immersion lens with a drop of oil 
of cedar between the specimen and 
the object. The highc^st numerical 
aperture of dry lenses is about 0.95 whereas good oil immersion lenses 
are usually rated at 1.3 N.A. or even 1.4 N.A. 

The resolving power also depimds upon the wave length of light used, 
being greater for the shorter wave lengt^hs such as violet or ultra- 
violet. 

resolving power = (with a narrow beam of light) 

xN .iV. 

or = (with whol(^ aper1 ure filled with light) 

X = wave lengt h of light used 
X = 6470-7000 A for red 
X = 5750-5850 A for yellow 
X = 4000-4240 A for violet 

X = below 4000 A ultraviolet (used with quartz lenses 
only) 

These equations also show that the maximum resolving power is 
obtained by opening the aperture diaphragm until the entire objective 


for the medium on the other. 1 



Kig. 49. Oil immersion lens collects a 
wider cone of light than a dry lens. 



MAGNIFICATION 


103 


is filled with light, but to eliminate haze it is usually necessary to close 
the diaphragm down to about two-thirds of the full aperture. The 
theoretical limit of resolving power of an objective in terms of maximum 
number of lines per inch resolved is about 100,000 times the N.A., i.e., 
about 125,000 to 140,000 lines per inch. 

The actual resolving power depends also upon the definition of the 
lens or the degree of correction for spherical and chromatic aberration 
for the particular wave length of light used. This limits the improve- 
ment in resolving power which can be obtained by using light of short 
wave length, such as blue or violet, since most objectives have better 
correction for green light. 

Ultraviolet light of wave lengths down to 2750. A has been used to 
obtain improved resolving power, but special quartz leas systems are 
necessary since ordinary glass absorbs ultraviolet light. Practical diffi- 
culties encountered, particularly in focusing an image which is not 
visible to the human eye, have definitely limited the usefulness of this 
type of microscope. 

Color Filters. Since microscope objectives give the best definition 
with monochromatic light it is customary to use them with a light filter, 
particularly when photomicrographs are made. Light filters consist of 
colored glass, or a dyed gelatine film mounted between two glass slides, 
or a liquid cell filled with a colored solution, and are placed between the 
light source and the vertical illuminator. A good monochromatic 
yellow-green filter is now supplied with many microscopes. This color 
is used most commonly because the eye is most sensitive to it and most 
objectives, particularly achromats, are corrected for this wave length. 
Other colors are used mainly to improve contnist between colored con- 
stituents in the specimen. Blue, green, and yellow filters can be used 
when photomicrogra})hs are made on orthochromatic plates or films 
and all colors can be used with the panchromatic type. 

Magnification. The magnification of a microscope depends on the 
focal lengt hs of the objective and ocular, the tube length, and the bellows 
extension. Oculars are usually marked directly in terms of magnifying 
power, which is inversely proportional to focal length. Objectives are 
marked either in terms of focal length or in terms of their magnifying 
power when used for visual examination with a microscope of a definite 
tube length. The eye sees a virtual image which appears to be at a 
distance of 250 rnm from the eyepiece, so the magnification is the same 
as would be obtained by projecting a real image on a ground glass 
located at the same distance from the ocular (250 mm). The initial 
magnification of the objective multiplied by that of the ocular gives the 
visual magnification or the magnification at 250 mm bellows extension. 
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For example, objective 60 X • ocular 10 X = 600 X. The microscope 
can be calibrated accurately by projecting the image of a stage microm- 
eter on the ground glass and measuring the spacing of the ruled lines. 
If they are spaced 0.01 mm apart on the stage micrometer and 10 mm 
on the ground glass the magnification is (10/0.01) = 1000 X . For various 
objectives and eyepieces the magnification varies directly with the 
bellows extension and these can be plotted on a graph to give a straight- 
line calibration curve. 

Table 13 gives the equivalent focal length, numerical aperture, initial 
magnification, and most useful range of magnification for a number of 
objectives. 


Table 13. Metallurgical Microscope Objectives 


Focal Length 
mm. 

N.A. 

Approx. Initial Magnif. 
160 mm. 215 mm. 

tube length 

Most Useful 
Magnification 

Achromats 





32 

0.10 

3.5 

5.0 

35-100 

24 

0.20 


8.0 

75-200 

16 

0.25 

9.0 

12.5 

100-250 

8 

0.50 

20.0 

26.0 

200-500 

5.5 

0.65 


37.5 

350-750 

Apochromata 





4 

0.95 

47.0 

60.0 

400-1000 

3 (oil) 

1.40 


75.0 

500-2000 

2 (oil) 

1.30 

90 0 

113.0 

650-2000 


The focal length of an objective is not the same as the working dis- 
tance, but is much greater. A 2-mm oil immersion lens may have a 
working distance of only 0.13 mm. The rated focal length of a com- 
pound objective is the focal length of a single lens having the same 
magnification. 

Illuminating Power. The intensity of illumination is proportional 
to the square of the numerical aperture, (N.A.)^, of an objective. 

Depth of Focus. A relief structure will not all focus in one plane if 
the objective lacks sufficient depth of focus. Depth of focus or depth 
of field is inversely proportional to both N.A. and magnification. For 
work at high magnification deep relief structures must be avoided by 
etching lightly and by polishing on a short-napped cloth for a minimum 
length of time. The magnification and numerical aperture should not 
be greater than necessary to resolve the structure. Closing the illu- 
minator diaphragm increases depth of focus at the expense of resolving 
power. 
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Flatness of Field. The image formed by a simple lens comes to a 
focus on a curved field. This defect is not corrected in the design of 
microscope objectives since perfection in other corrections is more 
desirable and partial correction may be secured in the design of the 
ocular. The same factors which tend to improve depth of focus also 
tend to increase the diameter of the image that can be brought into 
sharp focus on the ground glass. 

Oculars or Eyepieces. There are four important classes of oculars, 
each having special applications. The common Huygens ocular is the 
simplest in construction and is very satisfactory for visual examination 
with achromatic objectives. Apochroraatic objectives are not cor- 
rected for chromatic difference of magnification so they require conv- 
pensating oculars for visual work with white light to bring the images 
of various colors into coincidence. A third group of oculars known as 
Hyperplane, Periplan, etc., are designed to give partial correction for 
curvature of field, and can be used for both visual examination and 
photomicrography. A distinctly different type of ocular known as 
Homal or Ampliplane is a negative amplifier which doas not form a 
virtual image so it can be used for photomicrography only. Its fiey 
is flat to the very edge, but the improvement Is to some extent only 
apparent rather than real since its field Is very limited in size, covering 
a relatively small area for a given magnification. 

Micrometer eyepieces with measuring scales which coincide with the 
image of the specimen are very useful in measuring small objects and 
details. Greater accuracy can be obtained with a Filar micrometer 
eyepiece having a movable cross-hair and a calibrated dial. For grain- 
size determinations a special eyepiece Is available with a grain-size 
chart mounted directly in the field of view. 
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COLD WORKING, PLASTIC DEFORMATION, STRAIN 
HARDENING 

The plasticity of metals is attributed to slippage along specific crystal- 
lographic planes where all the atoms of one series of planes move as a 
block relative to a similar series of parallel planes. The reason slip 
takes place in the ductile crystals along the planes of highest atomic 
population is probably that they are farthest apart and have, therefore, 
the minimum of cohesion or restraining force. 

The most plastic metals have the face-centered cubic and the hexag- 
onal close-packed lattices. In each of these types there is dense packing 
of like atoms. 

Single crystals of these metals are exceedingly soft, having low pro- 
portional limits and high plastic deformation. When slip planes arc 
oriented at about 45° to the direction of pulling in tension, they will 
slide along their slip planes like a deck of cards. If the slip planes are 
not properly oriented to the axis of stressing the blocks may rotate 
considerably as they slip. 

When slip has progressed far enough actually to cold work by deform- 
ing and straining the adjacent crystalline lattice, it stops on its original 
slip planes and slippage begins on other parallel planes. With single 
crystals, slip does not take place on each and every slip plane properly 
oriented to the stress, but usually in blocks of approximately equal 
thickness. 

Single crystals of copper about one-quarter inch in diameter and 
several inches long can be bent easily with three fingers but ordinarily 
they cannot be bent back with both hands. This example shows the 
effect of work hardening by what is known as slij) interference. Jeffries 
and Archer^ state that cold working introduces slip interference by 
change of orientation of the small grain fragments between intersecting 
slip planes and, to a lesser extent, by the disorganization of atomic 
arrangement at slip planes and at original grain boundaries.^^ 

Face-centered cubic metals have four sets of 111 planes (the eight 
planes forming an octahedron) called octahedral planes. This lattice 
also has twelve sets of 1 10 planes, making this lattice the most plastic 

^ Z. Jeffries and II. S. Archer, The Science of Metals^ p. 412. 
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and easily deformed of any lattice. Metals like copper, gold, silver, 
aluminum, platinum, etc., have this lattice. They are good conductors 
of heat and electricity and will take the maximum amount of cold 
working without annealing because there are more potential slip planes. 

In the body-centered cubic lattice the main slip plane is 110 and there 
are six sets of these planes, but the slip is not too well defined on them 
so it also takes place on planes 112 and 123, depending on the direction 
of stress. This lattice is not so conducive to the plastic flow character- 
ized by F.C.CJ. lattices. 



Fio. 50. Brass wire, 70% copper-30% zinc. Cold drawn 30%. Etched with 
concentrated HNOs; showing transgranular slip in polycrystalline solid solution. 
Ordinary slip lines are rather fine lines. X 100. 


In the hexagonal close-packed lattice the basal planes are the planes 
of easy slip and there are only three directions for slip which are parallel 
to the sides of the hexagonal prism. Slip does not take place in this 
lattice with the freedom it does in the face-centered cubic. 

Many metals of industry are important because of their ductility. 
They are in the cubic and hexagonal systems, whereas those in the 
orthorhombic, monoclinic, and triclinic systems do not have the close- 
packed planes and easy direction of slip and, therefore, are relatively 
brittle. 

Plastic deformation in a polycrystalline material is shown in Fig. 50. 
Here the various grains have a restraining force on each other because 
their slip planes are in different orientations. Slipping does not take 
place on each potential slip plane but over relatively large numbers of 
unit cells and, when the slip stops, the orientation of all unit cells within 
the block is about the same as when it started. When mechanical 
twinning takes place, each plane of atoms shifts only a small but definite 
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fraction of the atomic spacing with respect to adjacent planes and 
mechanical twins are formed as shown in Fig. 51 and Fig. 52. 

Along the twinning plane the lattice on one side is a mirror image of 
the lattice on the other side. Hexagonal close-packed and face- 



Fig. 51. Annealing twins in aluminum bronze containing Cu 93%-Al 7%. Treat- 
ment: cold worked 50^v *> annealed 20 hr at 1650®F. Etchant: FeCls in HCl. 
Annealing twins are mechanical twins and the bands are known as slip bands or 
twin bands and are wider than slip lines. X 100. 



Fig. 62. Neumann bands in mild steel, etched with picric acid. Neumann bands 
in ferrite are mechanical twins formed by impact and occur primarily on 211 planes. 

X 1000. 

centered cubic metals twin frequently and these twins are usually found 
on annealing after cold working and so are often called annealing twine. 

The plastic flow of polycrystalline metals is exceedingly complicated 
because of readjustments in strain and restraint by other grains as 
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slipping progresses. The slip lines are frequently bent and the move- 
ment is not confined to the preferred slip plane but extends to several 
other families of planes. 

Since slipping from grain to grain involves a change in direction at 
grain boundaries, it follows that there is less plasticity and greater 
hardness and strength with a small-grained than with a large-grained 
material. When polycrystalline, body-centered cubic materials are 
drastically cold worked, as in wire drawing, the 110 planes line up in the 
direction of working and two cube faces, 100, are parallel to the surface; 
the other four cube faces are pi^rpendicular to the surface and make 
angles of 45° with the direction of working. 



Courtesy Pulsifer 

Fig. 53. Ltiders' lines or stretcher strains. 


Self-Stopping Slip Planes. One of the theories advanced in Beilby's 
amorphous metal hypothesis postulates that atoms are removed from 
their unstrained positioas to form superficial films of noncrystalline 
material along the slip planes and at grain boundaries, thereby increasing 
the resistance to slip. 

Rosenhain modified Beilby’s hypothesis and postulated this amor- 
phous metal at grain boundaries even with unworked metals. In the 
slip interference theory of Jeffries and Archer, a modification of the 
fragmentation theory, it is postulated that fragments of crystals or 
disarranged material interfere with slip. Of late, lattice distortion has 
been held to cause a roughening of slip planes, thereby lessening the 
slip. It may be stated that work hardening results in the formation of 
disarranged material as shown by microscopic and x-ray investigations. 
It is known that polished metal samples exhibit considerable disarrange- 
ment of structure at the surface. 
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Melting Point 



Equicohesive Temperature 


Liiders’ Lines or Stretcher Strains. On large-grained mild steels 
having much plastic flow (elongation) at the yield point, it is frequently 
found that there is considerable block slipping that cuts across many 
grains (Fig. 53), when the material is stretcher-straightened or tested 
in tension or compression. This is troublesome in automotive sheets 
requiring deep forming because these wide bands destroy the surface 

flatness necessary for a good appear- 
ance. They are ordinarily elimi- 
nated by cold rolling the sheet, about 
1 to 3 per cent reduction in thick- 
ness, to decrease the plastic flow and 
break it up into more directions. 

Effect of Temperature on Metals 

In considering the effect of tem- 
perature on metals the reader Ls 
referred to Fig. 54. When metals 
fail at ordinary temperatures in 
static tests or by fatigue, fracture 
, . , , , i. takes place through the grain or 

metals^d the disarranged intergranu- iLself failing on slip planes 

lar material to temperature. (.After when the slip-plane shearing strength 
Jeffries and Archer.) has been exceeded. Failure at the 

grain boundarias occurs only when 
the metal is exceptionally full of inclusions located at grain boundaries. 
The strength of the amorphous or intergranular material, which the 
authors prefer to call disarranged material, is high at low temperatures 
and, consequently, the metals do not begin to fail at the grain boundaries. 
At the equicohesive temperature the relative strengths are equal and 
at the melting point about zero. 

Above the equicohesive temperature the crystalline phase is stronger 
than the disarranged material. For any particular metal the equi- 
cohesive temperature depends on the rate and duration of loading and 
corresponds closely to the recrystallizing or annealing temperature. 

In copper, and probably mast metals, when tested above the equi- 
cohesive temperature in creep or at ordinary rates of loading in a short 
time test, the fracture will be intercrystalline. If tested quickly, how- 
ever, the fracture will be transcrystalline because amorphous substances 
like pitch and glass are stronger when loaded quickly, but when loaded 
slowly fail almost one atom at a time. The mechanical properties of 
metals, at both higli and low temperatures of testing, behave as if the 
grain boundary material were totally amorphous. 


Cohesion 

Fig. 54. Relation between mechani- 
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Recrystallization 

When metals are cold worked drastically at temperatures below the 
equicohesive temperature, they become harder and more brittle as 
the grains are broken up and deformed almost beyond recognition 
through a microscope. In order to relieve the strain hardening most 
effectively the metals are strain relieved or annealed by heating for 
sufficient time to a temperature just above the recrystallizing tempera- 
ture, which corresponds clasely to the equicohesive or annealing tem- 
perature. Recrystallization gradually takes place with the formation 
of new equiaxed grains and the metal is again soft, stress relieved, and 
ready for further cold work if desired. 

The recrystallizing temperature is not always the same for a given 
metal or alloy but is lower, 

(1) the greater the amount of cold working; 

(2) the lower the temperature of working; 

(3) the purer the metal; 

(4) the smaller the grain size before cold working ; 

(5) the longer the time at the annealing temperature. 

The lowest temperature at which new graias are visible with the 
microscope may be called the recrystallizing temperature and these 
approximate temperatures are shown in Table 14. Examination of this 
table shows that the annealing temperature, equicohesive or recrystal- 
lizing temperature, increases as the melting point of the metal increases. 

Temperatures above the equicohesive temperature of the various 
metals correspond to hot-working temperatures and recrystallization 
takes place simultaneously with working. Metals like tin, cadmium, 
and lead cannot be work hardened materially at ordinary temperatures 
because they self-anneal. 

Strain hardening takes place at all temperatures below the recrystal- 
lizing temperatures. The strain-hardening or cold-working effect is 
greater the lower the temperature of working. 

After cold working, high-purity cop|3er softens completely in a few 
days at about 150°C, but when it contains only 0.034% silver it will not 
anneal in about a year at the same temperature. Likewise 0.25% tin 
in nickel increases the annealing temperature of nickel over 200®C 
above its ordinary recrystallizing temperature. 

The apparent mechanism of recrystallization is that an increase in 
temperature increases the atomic mobility of a strained and distorted 
lattice which has a high energy content. When the temperature is 
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suflSciently high the strained lattice is relieved by the formation of more 
stable unstrained grains. 

The finest grain size in the wrought nonferrous metals is obtained by 
giving the maximum cold work possible, without rupturing, and anneal- 
ing at a minimum temperature for the necessary time. Usually the 
annealing time is about one-half hour at temperatures slightly above 
the equicohesive temperature. On heating to temperatures consider- 
ably above the annealing temperature, softening progresses at a faster 


Table 14. Recrystallizing Temperatures and 
Melting Points of Several Metals 


Metal 

Approx. Recrystallizing 
Temperature 

oc op 

Melting Point 
°C 

Tin 

Below room temperature 

232 

449 

Cadmium 

Room temperature 

321 

609 

Lead 

Below room 

temperature 

327 

621 

Zinc 

Room temperature 

419 

787 

Magnesium 

150 

302 

651 

1204 

Aluminum 

150 

302 

660 

1214 

Silver 

200 

392 

961 

1761 

Gold 

200 

392 

1063 

1945 

Copper 

200 

392 

1083 

1981 

Nickel 

600 

1112 

1452 

2646 

Iron 

450 

842 

1535 

2795 

Platinum 

450 

842 

1773 

3224 

Molybdenum 

900 

1652 

2620 

4748 

Tantalum 

1000 

18.32 

2850 

5162 

Tungsten 

1200 

2192 

3370 

6098 


Lowest recrystallising temperature for cold-worked metals corresponds closely to equicohesive 
temperature. 


rate and the grain size is much larger. With nonferrous metals having 
no phase changes on cooling from the annealing temperature to room 
temperature, the rate of cooling is immaterial, as would be expected. 
Ordinarily, slow cooling from the annealing temperature is desirable 
with many alloys for the best softening treatment in order to coagulate 
any precipitating phase to larger particles and prevent age hardening. 

Recrystallization cannot be discussed without mentioning grain 
growth because recrystallization is actually grain growth on a small 
scale. There is a strong tendency for graias to have the lowest energy 
content and, therefore, to assume the most stable state, which is the 
large equiaxed grain having the minimum surface area. A simple 
proof of this is that under identical conditions of electrolysis the small- 



GRAIN GROWTH 


113 


grained material will be anodic to the large-grained material. Like- 
wise, cold-worked material Ls anodic to strain-relieved material. 

Grain Growth. When cast metals are heated for long periods of 
time high above the equicohesive temperature but below the melting 
point there is very little grain growth. Ordinarily, when wrought 
metals are likewise treated there will be a larger grain size the longer the 
time of exposure and the higher the temperature of exposure (Fig. 55). 



Fia. 66. Fracture grain of 1 % carbon tool steel, heated 15 min just below solidus. 

Before treating the wrought steel was fine grained. X 2. 

In order to produce abnormally large grains {germination) it is cus- 
tomary to cold work a metal so that it will have a strain gradient through- 
out the section. With most metals this means a permanent elongation, 
in tension, of about 2 per cent, but this critical deformation varies with 
different metals. After the permanent stretching, followed by anneal- 
ing, the unstrained and more stable grains grow by gradually absorbing 
the strained grains, probably atom by atom, as growth proceeds by 
boundary migration. This is one of the methods for making single 
crystals and is commonly used (Fig. 56). Germination is common with 
many '' deep-dra\vn metals because at certain locations in the stamped 
or drawn article there is found the critical degree of strain for the par- 
ticular annealing temperature. When cold-worked articles must be 
annealed after forming operations, such as alpha brass cartridge cases, 
they should be heated as fast as possible through any germinative 
temperature range to avoid abnormally large grains. Ordinarily the 
germinative temperature increases as the degree of strain decreases. 
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Also, the grain size produced at the germinative temperature is larger 
the higher the germinative temperature. 

The abnormal grains, on annealing, are favored by (1) strain gradient, 
(2) temperature gradient, (3) obstruction, and (4) grain-size contrast. 



Fio. 66. Grain growth in high -purity aluminum. Equiaxed fine-grained speci- 
mens stressed to 2% permanent elongation in tension followed by heating to 
475®C and gradually raising temperature to 665°C over 4 days. Temperature 
raised to 600®C for 1 hr. Treatment resulted in single grains within gage of 

specimens. X 1. 

By obstruction is meant inclusions which are sometimes sufficient to 
maintain a fine grain throughout heat-treating cycles and these metals 
are known as inherently fine-grained metals. Examples of these 
are: the sodium treatment of cast aluminum-silicon alloys producing 
fine particles of Na 20 as grain-growth inhibitors, and AI 2 O 3 particles 
in killed steels. 

In tungsten with thorium nitrate additions, Jeffries found a strong 
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germinative condition between about 2.5 and 4% thoria. Above and 
below the critical amounts, a sintering temperature of 3200°C for 12 
minutes in a hydrogen atmosphere gave a normal grain size. 

Usually cold work followed by recrystallization is a grain-refining 
process and, in certain cases, a specific grain size is produced in metal 
stocks, especially sheet, by the manufacturer. When the grain is too 
coarse some forming operations cause a roughening resembling an 

orange peel ” pattern. If too small a grain it may work harden too 
rapidly and require annealing before further work hardening, so the 
specification of grain size in metals for specific purposes is becoming 
more common. 

Annealing. Annealing is a strain-relieving treatment which softens 
metals when heated to their particular recrystallizing temperature for 
sufficient time. With most metals it is immaterial as to the rate of 
cooling from its annealing temperature. Most steels, however, having 
solid state transformations must be cooled slowly from above their 
critical points for complete annealing. The 18-8 stainless steels and 
other austenitic steels (y solid solutions) are best annealed by quenching 
from about 2100°F; this treatment is called the stainless anneal. 

Copper-gold alloys and others having superlattice structures at 
ordinary temperatures, formed by slow cooling, are likewise annealed 
by quenching from above their critical points so as to retain the solid 
solution at ordinary temperature. 

Age Hardening. Duralumin, beryllium bronze, and other alloys 
having a constitution similar to the Type II-6 system have structures 
of two phases if cooled slowly. When these are heated to temperatures 
high enough to be homogenized (one phase), the resulting solid solution 
can be retained at some predetermined lower temperature after quench- 
ing. Most of these alloys are softer and more workable in the quenched 
state and they will precipitate the supersaturated phase on aging at a 
temperature above the lowest temperature at which the solid solution 
was stable. Some age at room temperature. This phenomenon is 
called age hardening. 

The constant temperature process of hardening with time is also 
called aging. Naturally, if the aging temperature is increased above 
room temperature the precipitation of the second phase will take 
place in less time. Wlien the precipitated phase is a compound in a 
fine ‘‘ critical dispersion, or perhaps in the ‘‘ knot state before actual 
precipitation, there is a marke<l increase in hardness, tensile strength, 
and yield point, and the elongation usually decreases. This is in 
accord with the slip-interference theory of hardness, and the hardest 
state appears to be when the lattice is strained to the maximum amount 
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before the precipitated phase can be recognized with a microscope of high 
resolving power. 

Aging at too high a temperature or for too long a time results in the 
coagulation or coalescence of the precipitated particles to a size easily 
recognized with the microscope. At this stage, however, the hardness 
and tensile strength have decreased considerably and the alloys are 
spoken of as overaged. (See “ Duralumin.”) 

In the early stages of precipitation the electrical conductivity is lower 
than for the original solid solution alloy. This would indicate that the 
high electrical resistivity found in the precipitating stage might be 
caused by lattice strain or distortion interfering with the transfer of 
electrons. 

The changes occurring during the early stages of precipitation in age 
hardening alloys appear as follows: 

(1) a specific volume decrease or a density increase, 

(2) an increase in tensile strength, proportional limit, and hardness, 

(3) an increase in electrical resistivity. 



CHAPTER IX 

IRON AND STEEL 


High-Purity Iron 

The element iron is the most useful metal to man. Its abundance and 
geographical distribution, the ease with which it can be produced in 
commercial purity, its desirable mechanical and physical properties, 
and the alloys it makes with other elements have all contributed to make 
it an extremely useful metal. 



Fia. 57. Temperature-time cooling curve and allotropic modifications of high 

purity iron. 

Iron is allotropic and the transformations in the solid state have been 
determined by many investigators. Thermal analysis is the usual 
method for determining transformation points although dilatation has 
been used successfully in the solid state. Fig. 57 represents the result 
of a temperature- time cooling curve showing the tem^^erature of each 
transformation and also the crystalline arrangement stable at the various 
temperatures. 
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The general procedure for naming allotropic forms of metals or com- 
pounds has been to start at room temperature with alpha (a) and con- 
tinue to higher temperatures with beta (/3), gamma ( 7 ), delta ( 6 ), etc., 
to the melting point. In the case of pure iron a represents the form 
which is stable at room temperature. It crystallizes in the isometric 
(cubic) system as the body-centered cubic (B.C.C.) arrangement having 
two atoms in the unit cube. At approximately 1414°F (768°C) a-iron 
becomes nonmagnetic on heating and the reaction is endothermic. This 
nonmagnetic a-iron was called /3-iron until it was established that no 
crystalline change occurs. The so-called beta transformation in no way 
affects the heat treatment of steel and modern metallurgists call the 
nonmagnetic form a-iron also. Alpha iron, upon being heated to about 
1670°F (910°C), transforms to 7 -iron which is face-centered cubic 
(F.C.C.), having four atoms in the unit cube. 

Volume. Face-centered cubic arrangement allows closer packing of 
the atoms than body-centered cubic; this results in 7 having a smaller 
volume and higher density than a. Gamma-iron is stable from about 
1670®F (910®C) to about 2554°F (1401°C), where 6 is formed which is 
body-centered cubic similar to a. 

These allotropic modifications absorb heat (endothermic) when being 
heated through the transformation and give off heat (exothermic) when 
cooled. The change occurs at almast coastant temperature, both forms 
coexisting during transformation. When heating pure iron, however, 
unless the rato is extremely slow, the a — > 7 traasformation is always 
higher than the corresponding cooling reaction y a. Further refer- 
ence to these points will be made in the study of critical i)oints in steel. 

Iron, becau.se of its high chemical activity and high melting point, is 
relatively difficult to produce in a state of high purity. Several methods 
have been used to produce iron of high purity; the mechanical proper- 
ties of these products are listed in Table 15. The quantities of carbonyl, 
hydrogenated, and electrolytic iron produced are small and, for the mast 
part, used in laboratory research. 

A typical analysis of commercial low-carbon iron (ingot iron) made by 
the open-hearth process is about as follows: 


Silicon 0.005 

Manf^aneee 0.02 

Carbon 0.02 

Phosphorus 0.005 

Sulfur 0.025 

Iron oxides and alumina and iron remainder 


The alpha solid solution of iron with the usual amounts of manganese, 
silicon, phosphorus, sulphur, and small amounts of carV)on, is called 
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ferrite. The structure of ingot iron, as given in Fig. 58, is polygonal, 
having somewhat the same appearance as most other pure metals. 

A high phosphorus content in ferrite lowers its ductility at ordinary 
temperatures and makes it “ cold short or brittle when cold. It is 
also a contributing factor in ferrite banding (ghost lines) in mild steel. 
Phosphorus is a more potent hardener of ferrite than is carbon in like 
amounts. High-phosphorus iron possesses improved resistance to 
corrosion. 
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Fio. 5S. Ingot Iron. Ferrite in typical polyhedral grains. Etchant: picric acid 

in alcohol. X 100. 

When stiHicient manganese is i)resent, sulfur occurs as inclusions of 
MnS. With insufficient manganese, and sulfur more than about 
0.02%, there is a tendency toward “ hot shortness ” and the steels have 
poor hot- working cpialitios, being brittle at forging or rolling tempera- 
tures. This is because the sulfur is in the form of FeS which is molten 
at about 180()°F, below hot-rolling tem}watures of 2100-2300°F, and 
has a tendency to form a lud.work structure (continuous envelopes 
around the grains of iron). 

Wrought Iron 

Wrought, iron was one of t he first commercial irons and was used very 
widely before the advent of the open-hearth and Bessemer steel-making 
processes. It was originally produced by the hand puddling process, 
later by mechanical puddling, and I'ecently also by the Byers or Aston 
process. Mechanical propoHies of these grades are given in Table 16, 
and are compared with those of ingot iron and mild steel in Table 17. 

The structure of wrought iron Is similar to that of high-purity iron 
except t hat slag inclusions in long stringers in the direction of rolling are 




Table 15. Compressive, Tensile, Torsion, Fatigue, Hardness, and Impact Valdes op Iron* 
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♦ Metals Handbook, 1939, p. 443. t 25 hr at 1650®F slow cool. 

* Gold- worked iron no sharp yield i>oint. The etroee corresponding to the arbitrarily choeen strain of 0.5% on a 2-in. gage length can be distinguished up to 
about 15% cold reduction beyond which this value coincides with the tensile strength. 

^ 33,000 psi after water quench from 1500®F. Hot-rolled ingot iron. Tested at 20®C. Teat specimen 60 X 10 X 10 mm. 

® Annealed electrolytic iron. Tested at 20®C. Type of specimen, probably large Charpy. 



122 


IRON AND STEEL 


easily observed with the microscope at 100 X . The total amount of slag 
present varies between about 2 to 4 per cent. Its structure is shown in 
Fig. 59. 



Fia. 69. Wrought Iron. Showing ferrite and slag constituents. Etchant: 

Nital. X 100. 

Wrought iron resists grain growth at elevated temperatures much 
better than pure iron or low-carbon steel. This resistance is attributed 
to oxides and the interference of the slag, which also aids in fluxing it 
during scarf welding in the open fire. 

Steel 

Types of Steel. There are three main types of steel, classified as to 
melting and deoxidation technique as follows. 

Rimming steel or open or effervescing steel usually contains less than 
0.15 per cent carbon and generally not over 0.40 per cent manganese. 
Fig. 60 shows the result of a heat properly handled. The outside sec- 
tion is free from blow holes; this insures a good surface on the finished 
sheet or plate. The blow holes in the section are deep seated, of uniform 
size, well distributed, and they weld together during rolling. This type 
is used mostly for sheet where a good surface is required. 

Semideoxidized steel comprisas about 40 per cent of the annual pro- 
duction. This type of steel is used for commercial products where 
specifications on strength and surface are not too strict. It finds its 
application as structural shapes, concrete-reinforcing bars, fence wire, 
etc. 

Fully deoxidized or killed steel is of the soundest quality. Its final 
deoxidation is with aluminum, which reduces the FeO, forming AI 2 O 3 in 
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Table 10. Typical Composition op Wrought Irons* 


Type of Iron 

C 

Mn 

Si 

P 

S 

Slag by 
Weight 

Byers No. 1 

0.08 

0.015 

0.168 

0.062 

0.010 

1.20 

Mechanical iron 

0.08 

0.029 

0.183 

0.115 

0.016 

2.85 

Hand puddled iron 

0.06 

0.045 

0.101 

0.068 

0.009 

1.97 


Carbon. A carbon content over 0.10% is usually construed to mean imperfect refining 
or awakens the suspicion that steel scrap has been used in making up the customary 
“ piles.” 

Manganese. Well-made wrought iron has a manganese content below 0.10%. If in 
excess of that amount imperfect refining may be indicated, or adulteration by use (jf 
steel in bushelling or piling. 

Fhosphoriis. The phosphorus content of wrought iron is largely in the incorporated 
slag. Good wrought iron will contain from 0.08-0.160%, of which from 40-60% will be 
combined with the slag. 

Sulfur. High-grade wrought iron contains up to 0.0.35% sulfur. Higher amounts are 
known to produce ” red shortness ” and also indicate imperfect refining. 

Silicon. The amount of silicon is usually from 0.10-0.207c' The proportion associated 
with the base metal is practi(;ally nil. Silicon under 0.10%; indicates either that there is 
not the normal amount (d slag, or that the composition of the slag is not normal for prop- 
erly refined wrought iron. Silicon content aboiit 0.20% may indicate poor slag distribu- 
tion, probably duo to imjjroper mechanical working. 

♦ A.SM. Metals Handbook, 1939, p. 400. 


Table 17. Compauative Mechanical Properties of Wrought Iron, 
Ingot Iron, and Mild Steel* 



Endurance Limit 

Tensile 

Charpy 

Notched 

Bar, 

ft-lb 

Brinell 

Materials 

Rotating 

Axial, 

Strength, 

Hardness 


beam, psi 

psi 

psi 

No. 

Wrought iron, longitudinal 

23,000 

16,000 

46,900 

17.5 

105 

Wrought iron, transverno 

19,000 

11,000 

34,400 

4.8 

105 

Ingot iron, an rolled 

26.0(K) 

17,000 

42,400 

19.3 

69 

Structural .steel, C 0.18%; (as rolled) 

28,000 


61,500 




A . S . M . Metals Handbook , 1930, p. 403. 


small particles, some of which are eliminated by rising to the slag but 
some also remain. Most structural alloy steels and tool steels are of 
this type. 

Steel is essentially an alloy of iron and carbon but it also contains 
small percentages of manganese, sulfur, and phosphorus. In the liquid 
state the metal is homogeneous but, since solidification takes place over 
a range of temperatures, the composition of the first solid to form is 
vastly different from the last. This change in composition, or segre- 
gation, varies in accordance with the composition of the alloy. In 
general, the first crystals forming at elevated temperature are high in 
iron whereas the last are higher in carbon and other elements such 
as sulfur and phosphorus. In most cases areas of segregation will be 



124 


IRON AND STEEL 


higher in the last three elements than the ladle composition and will be 
located along the central longitudinal axis of the ingot. In sampling, 



therefore, the worst condition in a bloom, 
billet, or bar will be found at the center 
and the average composition will be found 
somewhere between the center and the 
outside edge. Examples of carbon segre- 
gation are given in Fig. 61. 

The production of quality steel is the 
result of constant and intelligent con- 

GATHMANN 



Courte»y Galhmann Engineering Co. 


Fia. 60. Section of big-end- Fig. 61. Carbon segregation in fully deoxidized 
down rimming steel ingot. ingots. Left, “ pipe cavity ” about halfway from 

top to bottom as dark triangular portion. 


trol, the purpose being to prevent or in some way compensate for 
some of the defects known as columnar structure, segregation, piping, 
blow holes, internal fissures, shatter cracks, scabs, checks, and inclusions. 
Some of these defects may be and are largely eliminated whereas others 
are kept within limits. Where control is not practiced, failure in the 
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finished product is too often traced to one or more of the above-men- 
tioned defects. 

Ingot molds, made of cast iron, are of two general types known as 
“ big end down ” or “ big end up.^’ The taper of the individual mold 
varies with the size, shape, use, and composition of the metal cast. 
Such molds may have a square or rectangular cross section with filleted 



TfrtDing bn« 


Ingot 
18. in by 22 in 
■t top 
20 in. by 24 lo 

■t botlOBB 

74 in. long 


Percent lolid 


Stool or 
' butt crock* 

Cleavage plane, 
potential eau»e 
of butt crack* 
and internal 


Courtesy Gathmann Engineering Co. 

Fig. 62. Ingot molds for big-end-up and big-end-down practice. 


or rounded corners, having either straight or corrugated sides. The 
cross section of the ingot mold will have a direct influence on the for- 
mation of planes of weakness in the ingots. 

Fig. 62 shows two molds, one with big end down, the other with big 
end up, including the sink head or hot-topped portion. Big-end-down 
ingot molds are extensively used for semikilled and rimmed steel whereas 
the big-end-up type with sink heads are most satisfactory for the pro- 
duction of sound ingots from various killed steels, especially those having 
high carbon and /or high alloy contents. 

Ingots are reduced to commercial sizes or shapes by rolling or forging. 
The choice between these two operations depends on the type of steel 
and its particular application. For example, the highest quality tool 
steels, especially the high alloy grades, are hammered and usually cogged 
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80 the outside and part of the inside portion of ingots are moehanically 
mixed so as to have less segregation. Large and irregular forgings are 
made with the forging press; regular sections such as blooms, billets, 
bars, structural shapes, etc., are usually rolled. At the completion of 
this preliminary working operation (whether it is rolling, hammering, or 
pressing) and before reheating for finishing, the product is iaspected by 
various macro-inspection methods for soundness, segregation, seams, 
etc. (See Chapter VII.) 

mON-mON CARBIDE CONSTITUTION DUGRAM 
(Usually known as iron-carbon diagram) 

Alloys of iron and carbon plus small amounts of other elements are 
used commercially in larger quantities than any other type of alloys. 
The system has been studied in detail and many variations of the con- 
stitution diagram have been proposed. In many cases the alloys 
studied were not made from iron of high purity and for that reason the 
results represent the commercial alloys rather than the simple binary 
system. The iron-FeaC constitution diagram, as shown in Fig. 63, 
represents data from a number of sources but preference has been 
given to data obtained when high-purity elements were used.^ 

Carbon and iron, when combined in the proportion of 6.68% carbon 
to 93.32% iron by weight, either by melting or diffusion, unite to form a 
chemical compound represented by the formula FeaCX This compound 
is referred to as iron carbide or cementite. There are no commercial 
alloys of over 6.68% carbon so this range of composition is not ordinarily 
included in published Fe-C diagrams. 

The diagram (Fig. 63) represents the melting points, the phases stable 
at various temperatures in both the liquid and solid states, and trans- 
formations that take place under conditions of very slow cooling or 
heating. The system is made up of five stable phases: liquid, delta (5), 
gamma ( 7 ), alpha (a), and the compound iron carbide (FeaC). The first 
three are stable only at high temperature whereas the last two are stable 
at room temperature. (The instability of Fe^C at elevated tempera- 
tures in high-carbon alloys will be discussed later.) These phases should 
not be confused with the microconstituents given at the bottom of the 
diagram (Fig. 63) and discussed in detail later. 

A discussion of the cooling of an alloy from the liquid state to room 
temperature will be used to explain the various phase changes. Assume 
an alloy of 0.35%C which is represented by alloy No. 1 (Fig. 63). An 
alloy of such composition would begin to solidify at a temperature corre- 

1 R. F. Mehl and C. Wells, Trans., Vol. 125, 429-472 (1937). 
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spending to point c. The composition of the first solid would be repre- 
sented by point b. With further decrease in temperature the composi- 


a 


2900 

a 

2700 
2500 
2300 
2100 
1900 
a> 1700 

3 

1 1500 

I 

H1300 

1100 

900 

700 

500 

300 

100 



Fe 


Per Cent Carbon 



Fig. 63. Iron-iron carbide constitution diagram. 

tions of the solid and liquid in equilibrium at any temperature between 
points c and / would vary along the lines bd and cff respectively. At 
point / a peritectic reaction occurs in which S of compasition d reacts 
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with the remaining liquid and is changed to 7 of composition e. The 
alloy under consideration being of higher carbon content than e, the 
reaction can be written 5 + liquid = 7 + liquid. As cooling continues 
the composition of the phases 7 and liquid for any temperature between 
points / and h varies along the lines eh and giy respectively. Below 
temperature hi the alloy is solid solution gamma ( 7 ). No further phase 
change occurs until point n is reached where nonmagnetic a begins to 
separate from 7 . This separation continues with drop in temperature 
until at point p the a becomes magnetic. As a continues to separate 
from 7 between the points p and q the composition of a varies along the 
line or, reaching maximum solubility of carbon at r, whereas the compo- 
sition of 7 varies along the line nSy reaching saturation of carbon at a 
point s (0.80% C) . At the temperature rqs the eutectoid reaction occurs 
and 7 transforms to a and iron carbide as a typical eutectoid mixture 
called pearlite. This reaction is reversible and can be written 
7 a + FeaC. In addition, it can be stated that regardless of the 
composition under consideration between the limits r and ^ 7 will always 
transform according to the above reaction and will contain 0.80% C 
when the transformation begins. Further cooling to room temperature 
results in a small amount of FeaC being precipitated from a because of a 
change of solubility of carbon in a-iron from maximum at the eutectoid 
temperature of about 0.04% to about 0.007% at 75°F. At Ao (415°F) 
the compound FeaC becomes magnetic. 

Alloys in excess of 0.80% C can be conveniently discussed under three 
groups, according to carbon content, as follows: (a) 0.80 to 1.7, {b) 1.7 
to 4.3, and (c) 4.3 to 6 . 68 . 

(a) Alloys of 0.80-1.7%C. Phase changes in alloys of this range 
can be discussed by taking an example such as alloy No. 2 (Fig. 63), 
containing 1.25% C. Upon cooling from the liquid state the first 
phase change taking place is the formation of 7 which starts separating 
from the liquid when a temperature of about 2560°F is reached. With 
further drop in temperature, 7 continues to separate until the solidus 
line ej is reached, at which temperature solidification is complete. No 
further phase change takes place by cooling until the line js is reached, 
where FeaC begins to precipitate and collect around the gamma grains 
and also along crystallographic planes within the gamma phase. This 
reaction continues until the eutectoid temperature rqst is reached, at 
which the remaining 7 of composition 0.80% C transforms to a + FeaC 
at constant temperature. Further changes are identical with alloy 
No. 1 . 

(b) Alloys of 1.7-4.3%C. During the cooling of alloys in this range 
primary 7 separates first and this is surrounded by the eutectic 
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of 7 + FeaC having the composition of 4.3% C. Upon further cooling 
the composition of 7 again varies along the Acm line (js) by precipitation 
of FeaC at the grain boundaries until the eutectoid composition is again 
reached, where 7 containing 0.80% C transforms to a + FeaC. Fur- 
ther changes on cooling are identical with alloys No. 1 and No. 2. 

(c) Alloys of 4.3-6.68%C. In alloys in this range primary FeaC 
separates first in dendritic form; this is followed by the freezing of the 
eutectic at temperature jkL Below the eutectic all transformations are 
identical with (b). 

Critical Points in Steel. As has been previously stated the element 
iron has two allotropic changes. On heating, the first change (a 7) 
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Fiti. 64. Hypoeutectoid portion of iron-iron carbide constitution diagram en- 
larged to show critical points. (University of Minnesota.) 

takes place at about 1670°F (910®C) and the second (7 — ► 5) at 2554°F 
(1401°C). Both reactions are reversible and when the heating and 
cooling rates are very slow each transformation takes place at almost 
constant temperature. For the present we shall deal only with the 
a — > 7 transformation since it is of more commercial importance. 

Iron in the gamma form has the property of dissolving a maximum of 
1.7% carbon whereas in the alpha form the maximum solubility is about 
0.04%. The effect of adding carbon is to lower the 7 a transforma- 
tion temperature until a minimum is reached at 0.80% C. Further- 
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more, it has been found that the rate of heating or cooling has a pro- 
nounced effect on the temperature at which transformation occurs and 
as a result the transformation on heating is higher than the correspond- 
ing one on cooling. Fig. 64 shows the results obtained by thermal analy- 
sis of a series of commercial carbon steels when the heating and cooling 
rate averaged 11°F (6°C) per minute. Thus the difference or lag 
between corresponding transformation temperature is about 50°F. 

Carbon steels containing less than 0.80% C are often referred to as 
hypoeutectoid steels and steels over 0.80% C as hypereutectoid. 

The symbols represent the following abbreviations of French words: 
A from arret meaning arrest or stop; c from chauffage which means 
heating; r from refroidissement wliich means cooling. The combination 
Ac, therefore, designates arrest on heating and Ar arrest on cooling. 
The figures in subscript, 0, 1, 2, and 3, indicate the order of transforma- 
tion beginning with the low temperature. 

Summary of the Transformation Points in Steels 
(Critical Points) 

Ao FeaC becomes magnetic at 415°F on cooling, and on heating becomes non- 
magnetic. 

Ai Pearlite transformation according to reaction y - a FeaC. 

Aci a -1- FeaC — + y 
Ari 7 — > a 4" FeaC 

Aei Equilibrium temperature for slow rates of heat- 
ing and cooling for the Ai transformation. 

A 2 Magnetic transformation of a 

Ac2 a on heating becomes nonmagnetic 

Ar2 Nonmagnetic a on cooling becomes magnetic. 

Ac 2 Equilibrium temperature for A 2 transformation. 

As Solid solution transformation 

Acs On heating all a is transformed to y and forms a 
solid solution. 

Ars On cooling 7 becomes sufiersaturated and a 
precipitates out around th^ 7. 

Acs Equilibrium transformation. 

A 4 7 to 6 transformation, reversible at about 2554°F. 

A cm Cementite solubility line, sj in Fig. 63. 

Above the line FesC is dissolved in 7; on cooling alloys 
with above 0.80% C, Fe^C begins to precipitate from 
the supersaturated solution 7. 

In the foregoing discussion only one name was used for each phase 
although several of these are known by various names. An effort was 
also made to avoid confusion between phases and microconstituents, 
since some microconstituents contain more than one phase. The iron- 
carbon diagram given in Fig. 63 is labeled in terms of phases only, and a 
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separate diagram at the foot of the page gives the names of the micro- 
constituents present in slowly cooled alloys. 

Commercial alloys of iron and carbon, such as steels and cast irons, 
contain appreciable amounts of manganese, silicon, phosphorus, and 
sulfur. Table 18 gives not only the various names by which the phases 
and microconstituents in steel are known but also the composition of 
phases in commercial alloys. 


Table 18. Names and Compositions of Phases and Microconbtituents in 
Slowly Cooled Commercial Iron-Carbon Alloys 


Phases 

Microconstituents 

a or a solid solution (or ferrite*). A solid 
solution of (' (0.04% max), Mn, Si, P, 

S in a iron. 

Ferrite or free ferrite or proeutectoid ferrite 
or excess ferrite are names frequently 
used for this constituent. 

7 or 7 solid solution (or austenite*). A 
solid solution of C (1.7% max), Mn, eto., 
in 7 iron. 

Austenite. Not stable at room temperature 
in plain carbon-steels. 

FeaC or iron carbide (or cementite*). A 
compound of iron and carbon. May also 
contain Mn, etc. 

Cementite or carbide. Sometimes de- 
scribed as “ massive ” or network or pro- 
eutectoid or free cementite. 

(Pearlite is not a phase.) 

Pearlite. A two-phase eutectoid mixture. 
At high magnifications can be resolved as 
alternate plates of FeaC and a solid solu- 
tion. 


♦ It ia Buggeeted that the terms ferrite, austenite, and cementite might be used for microconstitu- 
ents only. 


STEEL CASTINGS 


T3rpes of Cast Steel 

There are three general types of cast steel : ingots, fusion welds, and 
castings. In each the laws of solidification and crystallization play an 
important part and in certain casas may be reflected in the properties of 
the finished product. 

Ingots, as such, are seldom used commercially but are rolled or forged 
or pressed into a great many parts and certain characteristics of the ingot 
such as soundness, grain size, segregation, impurities, etc., may re- 
main unchanged by fabrication once they are formed. Fusion welds 
are always produced by the use of molten metal even though definite 
molds may not be employed. Thermit welds are very closely related to 
metal castings since a refractory mold is employed. In welds, the 
quantity of metal in the liquid state at any one time during welding 
would correspond to a very small easting. Crystallization takes place 
according to the same laws (Fig. 65) although the cooling rate is much 
more rapid and the properties of the weld metal may not be comparable 
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to metal of the same composition in the form of castings. Soundness 
and the absence of inclusions is of major importance in welds just as in 
castings, and adequate control is essential. 

Steel Castings. The term steel casting is a very broad one and 
includes a great variety of sizes and shapes as well as different chemical 
compositions. Castings are made in steel foundries by both acid and 
basic melting practice, in open-hearth furnaces, electric furnaces, and. 



Fig. 65. Steel casting of mild steel, showing a dendritic structure in rectangular 
section of casting made in green sand. X 1. 


in some cases, Bessemer converters. The molten steel is poured into 
molds made of green sand, dry sand, or skin-dried sand. Some castings 
are small and relatively simple whereas others may be any shape or size 
within the limits of good foundry practice. Castings weighing over 
200 tons have been cast successfully. One of the largest on record 
weighed 460,000 lb and was used as a cylinder jacket for a 14,000-ton 
forging press. 

The mechanical properties of the casting depend for the most part on 
composition, technique of melting, design of the casting, and heat- 
treatment. The technique of melting cannot be discussed here, but 
must be in accordance with accepted standards. Under these standards 
certain chemical compositions have been found to produce certain 
average properties. Normal values for mechanical properties of various 
compositions are given in Fig. 66. 

After casting and during cooling there are two types of metallic 
shrinkage that take place: one during solidification which is called 
“ solidification shrinkage the other after solidification which is called 

thermal contraction.” To control the former effectively, all solidifi- 
cation in the mold should be progressive. It should begin at the bottom 
so that as crystallization progresses molten metal from above will flow 
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Courtesy Steel Founder's Society of America 

Fio. 66. Normal mechanical properties of medium-carbon cast steel and effect of 

various heat treatments. 

down and thus prevent the formation of cavities or porosity. This is 
assured by proper design and proper placing of risers, gates, and chills. 
(A simple example is seen in a big-end-up ingot with hot top, Fig. 62). 

Thermal contraction is compensated for by increasing the dimensions 
of the pattern by about one-fourth inch per foot. This can be roughly 
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calculated from the average coefficient of expansion of a 0.20% C steel 
between room temperature and its melting point. 

coeff. = about 0.00000811 per °F per in. 
temp, change = about 2630°F 

Therefore 

total contraction = 0.02133 in./in. 
or 0.2556 in./ft 

It must be remembered, however, that every composition has a slightly 
different coefficient of contraction which also changes with temperature. 
In castings this theoretical amount of contraction may be altered by 
interference due to design and the position and size of cores. 

Cooling and Cleaning. After the castings have been poured they may 
be handled in one of two ways. The first and most common procedure 
is to allow them to cool below the lower critical temperature in the mold. 
They are then shaken out and cleaned ; the gates and risers are removed 
and they are heat treated. 



Fig. 67. Medium-carbon cast steel as cast. Etchant: picric acid. Widman- 
statten structure showing ferrite which separated between An and Ari (light); the 
dark structure is pearlite not resolved into a and FeaC at this magnification. X 150. 

The second possibility is to shake out the castings hot, remove as much 
sand as possible and then charge into an annealing furnace operated at a 
temperature approximately the same as that of the castings and then 
gradually raise the temperature and hold as required. The saving in 
annealing time and expense by this method is considerable when applied 
to large simple castings such as rolls where long annealing cycles are 
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necessary. Internal stresses are largely avoided and there is much less 
danger of cooling cracks. 

Composition and Properties. The bulk of the tonnage of carbon steel 
castings falls within the relatively narrow range of carbon content of 
about 0.15 to 0.35% carbon. The castings receiving no heat treatment 
(Fig. 67), or only a simple treatment such as an anneal, will usually be on 
the low side of this range (be- 
tween 0.15 and 0.25% C) 
because of their natural tough- 
ness and relative ease of pro- 
duction. The castings which 
are to be heat treated (nor- 
malized and tempered, or 
quenched and tempered) usu- 
ally have a higher carbon 
content since response to heat 
treatment depends largely on 
carbon content. 

Fig. 66 (mentioned previ- 
ously) presents the composi- 
tions, properties, and effect of 
heat treatments for a selected 
group of carbon steel castings. 

From this data it is possible 
to get a general idea of the 
effect of composition and heat 
treatment on the physical 
properties. Values obtained 
from such curves are only ap- 
proximate and depend on the 
size of the casting. 

Fig. 68 represents the effect 
of carbon content on physical 
properties of test bars from 
100 consecutive heats to show 
the variations in meeting speci- 
fications in plant production. 

It is advisable to keep carbon on the low side of the range in order to 
have high elongation and reduction of area. 

Heat Treatment. Normalizing, annealing, quenching, and tempering 
are the principal treatments used in the production of finished steel 
castings. In some cases only one treatment is necessary whereas in 
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Fig. 68. Effect of carbon content on physi- 
cal properties of test bars from 100 consecu- 
tive heats to show the variations in meeting 
specifications in plant production. Treatment 
normalized 2 hr — - 1050°F, air cooled. Average 
composition: Mn 0.75%, PO.017%, SO.049%. 
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others two or more may be required to improve the mechanical 
properties. 

Simple Normalize or Simple Anneal. The castings are properly 
supported in the furnace and the heating gases are allowed to circulate 

freely. They are then heated uniform- 
op ly, with minimum lag between inside 

~ and outside sections, to the temperatures 

1600 given in Fig. 69. They are heated above 

— — the upper critical temperature of the 

^ composition under consideration so that 

\ dendritic or cored structures may be 

eliminated and a homogeneous 7 solid 
1400 I I. solution formed. Just above AC 3 the 

Per Cent Carbon rate of diffusion of carbon and other ele- 

Courusy A.s.M. ments is slow but increases as the tem- 

Fio. 69. Temperature range for perature is raised. The time at tem- 
the heat treatment of steel castings. . • • j j ^ 

perature is judged by the size, and a 

rough guide is one hour per inch of heaviest section. It is known 
that little benefit is obtained after ten or twelve hours at temperature 
for any size. 

The castings are air cooled in normalizing or cooled slowly in the 
furnace in annealing. The general benefits to be derived from normal- 
izing or annealing steel castings are higher percentage of elongation 
and reduction of area in addition to an appreciable increase in yield 
strength. Annealing produces softer castings with more freedom from 
stresses but with slightly low er strength than can be obtained by normal- 


izing. 

Double Treatment. The purpose of this treatment is twofold: to 
obtain a homogeneous distribution of the diffusible elements (primarily 
carbon, manganese, and silicon), and the development of a fine grain size 
in the finished casting. 

The first is accomplished by reheating to high temperature, as much 
as 200°F above Aca, where diffusion is rapid. The castings are then 
cooled in air or in the furnace. The second step produces further grain 
refinement and consists of reheating, 25-50°F above Acg, holding only 
until uniformly heated through and air cooling or quenching, and reheat- 
ing to 800-1250°F (tempering). 

Such long heat-treating cycles, however, are costly and are used only 
in special cases. A common commercial cycle would be to heat to a 
temperature high above Aca, homogenize, cool in air, then temper at 
1200-1250®F. This produces high ductility, the property most fre- 
quently required, and the specification most difficult to meet. 
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Quenching and Tempering. When exceptional or special physical 
properties are required the castings may be heat treated by quenching 
followed by tempering. It is recommended that normalizing or anneal- 
ing precede the quenching operation to insure maximum refinement and 
to minimize danger from cracking during quenching. The possibility 
of cracking should be carefully considered since very fine cracks (invisi- 
ble to the eye without deep etching) may eventually cause failure. 
Quenching, therefore, is resorted to only when the properties are not 
readily obtained in other ways. 

The common quenching media are water and oil. Immediately after 
quenching the casting should be tempered, thus again minimizing the 
danger of cracking due to quenching stresses. It is most effective to 
have the temperature of the tempering furnace approximately the same 
as that of the castings and then uniformly reheat as required to obtain the 
desired properties. (See Table 19.) 

Differential quenching is followed when only certain parts of the cast- 
ing require special properties. Thus certain sections will be quenched 
by submersion in a liquid bath or by sprays and followed by tempering. 


Table 19. Quenching and Tempering of Carbon Steel Castings* 


Carbon 

Range 

Quenching 

Temp., 

Time at Heat 

Quenching 
Medium and 
Temp., ®F 

Tempering 

Tempering Time at 

Temp., ®F Heat 

0.15-0.30 

1600-1660 

]4 hr for every in. of 
diam or thickness 

Water at 

70 

800-1260 

At least 2 hr 

0.30-0.40 

1560-1600 

% hr for every in. of 
diam or thickness 

Water at 
125 

800-1260 

At least 2 hr 

0.40-0.60 

1500-1650 

% hr for every in. of 
diam or thickness 

Water at 
125 or oil 

800-1260 

At least 2 hr 


These temperatures are based on the assumption that the eastings were first annealed. 
* A.S.M. Metals Handbook, 1939, p. 961. 


Tempering or Stress-Relief Annealing. Castings may be tempered 
after the normalizing operation as well as after quenching. In either 
case the temperature would be between 800° and 1250°F, as given in 
Table 19. The purpose is to remove stresses set up by nonuniform 
cooling and to improve impact resistance and ductility, which automati- 
cally reduces the tensile strength slightly. The temperature range for 
stress-relief annealing is usually between 500° and 1000°F. There is 
very little effect below 500°F but around 750°F about half of the stresses 
are eliminated. 

Structure. The changes in mechanical properties from the original 
casting to the finished heat-treated casting are primarily accomplished 
by structural changes. The raw castings, after being cooled in the 
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sand, are dendritic (cored structure) and will exhibit crystalline weak- 
ness at comers as illustrated in Fig. 65. Proper normalizing or anneal- 
ing, or both, will break up most or all of the dendritic structure and 
produce uniformly finer-grained ferrite and pearlite. Still further treat- 




Fio. 70. Steel castings. Above^ microstructure showing MnS inclusions located 
at grain boundaries. Treatment: quenched and tempered to 1250°F. X 100. 
BeloWt same as above at higher magnification. Composition: C 0.24%, Mn 1.00%, 
Ni 0.67%, S 0.045%. Properties: Y.P. 62,050 psi; elong. 25.5% in 2 in.; R.A. 
47%; T.S. 83,150 psi; B.H. 170; Charpy 37 ft-lb. X 1000. 

ment by quenching and tempering will give structures similar to those 
discussed later under heat-treated wrought steels. 

Inclusions. A large number of inclusions around the grain boundaries 
is detrimental to ductility and favors fatigue failure. If, on the other 
hand, the inclusions are large, well-rounded, and uniformly spaced the 
effect does not seem to be detrimental. 
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The well-rounded inclusions in steel castings appearing as bull's 
eyes " are usually silicates high in silica. When sulfur and manganese 
are relatively high, it is common to find MnS inclusions, and with 
aluminum-killed castings it is claimed that AIS predominates. 



Fig. 71. Steel casting. Microstructure showing spheroid ized cementite. No MnS 
inclusions. Treatment: quenched and tempered to 1250°F. Composition: 
C 0.24%, Mn 1.02%, Ni 0,67%, S 0.023%. Properties: T.S. 80,450 psi; Y.P. 
59,300 psi; elong, 33.5% in 2 in, ; R.A. 66%; B.H. 156; Charpy 50 ft-lb. X 1000. 

Figs. 70 and 71 show the effect of sulfur on the ductility of steel cast- 
ings in the quenched and tempered state. 

HEAT TREATMENT OF STEELS 

By heat treatment it is possible to produce in steels certain specified 
mechanical and physical properties for a definite purpose. Such changes 
in properties for the most part are dependent on the rearrangement and 
recrystallization of phases and require a thorough understanding of 
phase diagrams. 

Definition. S.A.E., A.S.T.M., and A.S.M. have adopted the follow- 
ing definition for heat treatment of steel: ‘‘Heat Treatment — an 
operation, or combination of operations, involving the heating and cool- 
ing of a metal or an alloy in the solid state for the purpose of obtaining 
certain desirable conditions or properties." Note: Heating and cooling 
for the sole purpose of mechanical working are excluded from the meaning 
of this definition. It should be said in connection with this note that 
cooling in air, as from the rolling or forging operation, may give the 
desired structure and in most cases structure identical to what would be 
obtained by reheating for the purpose of cooling in air. 
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Heating. Steels to be heat treated are first heated uniformly to a 
temperature usually above the critical range (above Ac^)^ although in 
some special cases lower temperatures may be used. Steels above the 
upper critical (Aca) are austenitic and capable of dissolving carbon along 
with other elements to form a homogeneous solid solution. 

Steels may be heated in air, controlled atmospheres, molten salt 
baths, molten lead, or packed in containers surrounded by solid materials 
such as carburizing compounds, cast iron borings, mica, etc. The safe 
rate of heating varies with the alloy under consideration. Ordinary 
steels of the carbon and low alloy type may be heated quite rapidly, 
in a molten salt bath, without damage, but some alloy tool steels must 
be heated slowly and carefully to avoid cracking. This is especially true 
of steels with low coefficients of thermal conductivity. Sufficient time 
at temperature should be allowed to obtain a homogeneous austenites 
The general rule is one-half to one hour per inch of section for wrought 
steel but may vary with composition of steel and its structure, l^oth 
time and temperature must be considered since solution and diffusion are 
much more rapid at high temperature. 

Excessively high temperatures and extremely prolonged heating are 
usually avoided as they tend to produce a coarse grain structure. The 
amount of grain growth is dependent not only on the degree of over- 
heating above the Acs and the time at temperature, but also on the type 
of steel. Castings show very little tendency toward grain growth and 
certain fine-grained steels (deoxidized or killed with aluminum) become 
coarse grained only at relatively high tcmjK'rature, in some cases 4()()°F 
or more above the Acs, These steels are said to have a high coarsening 
temperature. 

Cooling. The rate at which steel is cooled from temperatures above 
the upper critical is responsible for a wide variety of microstructures and 
each structure possesses its own characteristic combination of mechani- 
cal prop<?rties. The very slow rates produce microstructures which are 
softer and more ductile whereas rapid rates yi(4d harder and more brittle 
structures. Slow cooling results in microstructures which correspond 
very closely to stable equilibrium (ferrite plus pearlite, or spheroidal 
cementite) whereas rapid rates of cooling produce microstructures that 
are not closely related to the stable iron-iron carbide diagram. 

Annealing. The term annealing usually implies the heating of iron- 
base alloys above the critical temperature range, holding for the proper 
period of time (usually not less than one-half to one hour per inch of 
heaviest section), followed by slow cooling to below that range. Such a 
cycle should be referred to as “ full annealing ” but that term is often 
shortened to annealing. 
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The purpose^ of annealing may be to (a) remove stresses, (6) induce 
softness, (c) alter ductility, toughness, electrical, magnetic or other 
physical property, (d) refine grain size, (c) remove gases, (/) produce a 
definite microstructure. 

The usual temperature range for annealing is shown in Fig. 76. 

Two other annealing processes, occasionally used in special cases are: 
(1) process annealing (sometimes called low anneal or stress-relieving 
anneal) is heating steels to a temperature below or close to the lower 
limit of the critical temperature range, Aci, followed by cooling as 
desired. It is commonly applied in the sheet and wire industries after 
cold working and the tenif)erature generally used is 950-1300°F; (2) 
spheroidizing is any process of heating and cooling steel to produce a 
rounded or globular form of cementite. This may be accomplished by 
either of two ways: (a) prolonged heating at a temperature just below 
the low(^r critical; (6) in high-carbon steels the result is accomplished 
more rajndly by prolonged heating to temperatures first within and 
later sliglitly below the critical temperature range. 



Fici. 72. Sphcroidized carbide produced by very slow cooling of a previously 

normalized 1.00^’f C steel. Cooled from 1400 to 1200°F in 10 hr. X 1000. 

Annealing in all cases implies a relatively slow rate of cooling, produces 
a soft, easily fabricated structure, and prepares the alloys for further 
treatment. 

Illustrations of structures formed on slow cooling are shown in Figs. 
72, 73, and 74. 

Normalizing. Normalizing implies a faster rate of cooling than 
annealing and is defined as the heating of steel to about 100°F above 
A. S.M. Handbook, 1939, Definitions, purpose, p. 3. 
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the critical temperature range followed by cooling to below that range 
in still air. The temperature range recommended for annealing and for 
normalizing steels of various carbon contents is shown in Fig. 76. A 
representative structure of a normalized steel is reproduced in Fig. 75. 



Fia. 73. Coarse lamellar pearlite produced by slow cooling of 0.80% C steel in 
the furnace from above Aci, 2 , 3 . X 1000. 

The phases in Fig. 75 are a and FcaC ’, and the microconstituents are 
ferrite and pearlite. Ferrite and cementite, after being etched in picric 
acid in alcohol or in 2% nitric acid in water, are both light in color. 
Ferrite appears rougher and darker than FeaC l)ecause it etches faster, 
and with deep etching becomes wavy in appearance. The dark lines 
are the boundary contact between the phases. 

Annealing steels having less than 0.80% carbon produces structures 
containing the microconstituents ferrite and pearlite except when the 
cooling rate is slow enough to spheroidize the FesC. If hypereutectoid 
steels are slow cooled from a temperature above the A^m line the cemen- 
tite forms around the pearlite grains and increases the brittleness of the 
steel owing to the more or le.ss continuous network of this brittle con- 
stituent (Fig. 77). In typical structures of normalized steel the pearlite 
is finer than in structures of annealed steel of similar carbon content. 

Normalizing is done for several reasons and in many cases is a final 
heat treatment. In carbon steels below 0.80% C (hypoeutectoid) the 
normalizing treatment increases the tensile and yield strength over 
annealed steel and retains sufficient ductility for many commercial 
parts. This combination of mechanical properties lies between those 
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C = 1.10 C - 1.18 C = 1.31 

Fia. 74. Annealed carbon steels with increasmg carbon content. Showing pearlite 
together with hypoeutectoid ferrite or hypereutectoid cementite depending on car- 
bon content. Treatment: annealed by cooling in furnace from austenitic state, 
X 600. Reduced 20% in copying. 
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produced by oil quenching and by annealing and satisfies many 
requirements. 

By normalizing hypereutectoid carbon steels (above 0.80% C) the 
separation of cementite at the austenite grain boundaries between 




Fig. 76. AhovCy normalized carbon steel, showing pearlite and ferrite. C = 0.54%. 
Etchant: picric acid in alcohol. Treatment: 1-in. round air cooled. X 100. 
BeloWf same as above, X 1000. 

Aem and Ar^ is suppressed; this results in a much tougher steel than if 
the cementite had formed a continuous network as it does when these 
steels are cooled very slowly. Furthermore, when such steels are 
reheated for hardening the excess cementite is more easily spheroidized 
and a more uniform structure produced. Mechanical properties of 
carbon steels in the annealed state are given in Fig. 78.^ 


* F, T. Sisco, Alloys of Iron and Carbon, Vol. II, p. 177, Engineering Foundation. 
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Hardening. A rapid and continuous quenching of carbon and most 
low-alloy steels in water will harden them and the hardness will increase 
up to a certain limit as the velocity of quench increases. This increase 
in hardness is accompanied by a change in the structure of the steel and 



Fia. 78. Mechanical properties of carbon steels in the annealed state. 

the two are very closely related. To complete successfully the harden- 
ing cycle for any part, however, there are several very important vari- 
ables or factors to be considered. The most important of these are: 

1. Composition, carbon and alloy content. 

2. Homogeneity of the austenite. 

3. Grain size of the austenite. 

4. The quenching temperature. 

5. The quenching medium. 

6. The size (mass) of the part; 

a. Very small samples cool rapidly all through whereas large pieces 
cool fairly rapidly on the outside but more slowly in the center. 

b. Thermal conductivity of the steel. 

7. Surface condition, whether clean or with thick scale. 
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Rapid cooling of small sections of steel from above Acs, such as quench- 
ing in water, gives high hardness and martensitic structure characterized 
by acicular or needle-like markings and light color after etching (Fig. 79). 
Slower velocities of cooling, such as quenching in oil, often give mixed 



Fig. 79. Martensite. Composition: 0.35% carbon. Treatment: quenched in 
water from just above Ac^. X 1000. 



Fig. 80. Martensite and primary troostite at grain boundaries. Composition: 
0.20% carbon. Treatment: water-quenched from just above Acs. X 1000. 

structures composed of martensite and a much softer constituent which 
is dark after etching and cannot be resolved with an oil immersion lens 
of high resolving fiower. This fine pearlitic structure, kno^vn to form at 
a temperature below Ari (designated Ar'), is often called primary troos- 
tite (Fig. 80) because it appears similar to the structure obtained by 
tempering martensite. It is now known, however, that the transfer- 
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mation Ari can be suppressed by rapid cooling and that -4ri and Ar' 
are similar physically. Steel having this fine pearlitic structure is much 
stronger than the coarse type produced by slower cooling. 



0.05 0.1 1 10 100 1000 10,000 

Transformation Time, Seconds 

Courteffy R. A. Granyt and J. M. Kiefer 

Fia. 81. Schematic sketch for eutectoid steel showing the relationship between 
microstnicture and quenching velocity. 

In 1919 Portevin and Garvin'^ presented the first comprehensive data 
on the cooling velocities required to produce definite structures as well 
as the temperatures at which they were formed. They further reported 
that the rates required to produce similar structures varied for different 
carbon steels. 

The results of recent investigators are presented by the sketch in 
Fig. 81, which shows that with slow cooling velocities of about Ko°F 
per second (A) austenite begins to transform very close to the Arx and 
also that the reaction is completed within a very narrow range of tem- 
perature. The product is coarse lamellar pearlite (see Fig. 73). If the 
cooling rate is increased to about 10°F per second (B) the transformation 

^ A. Portevin and M. Garvin, J. Iron & fileel I nut., Vol. 99, p. 469-.')f>3 (1919). 
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of austenite is slightly suppressed; thus according to the sketch the 
average austenite begins to transform to pearlite at about 1150°F and 
is complete at about 1060°F. The structure is a finer pearlite having 
higher hardness than that produced by the slower cooling rate. The 



Fig. 82. Austenite and martensite, showing martensite plates in relief in austenite 
matrix. Composition: 1.31% carbon. Treatment: quenched in ice water from 
2100°F. {Note: Not a commercial heat treatment for carbon steel; represents 
maximum amount of austenite that may be retained by quenching.) X 1000. 



Fi(}. 83. Tempered martensite (acicular troostite) in matrix of austenite. Com- 
position: 0.80' r carbon. Treatment: quenched in ice water from 2100°F and 
tempered 1 hr at 300®F. {Note: This structure has also been called black marten- 
site in austenite matrix. It can be formed also by interrupted quenching and hold- 
ing at Ar".) X 1000. 

temperature of the A/' is almost independent of the cooling rate but 
varies with carbon content from approximately 900°F for 0.20% C 
and 425°F for 0.80% C to approximately 275°F for 1.3% C. 
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Still faster cooling velocities, such as would be obtained by a slow 
quench and which would correspond to cooling rates between 60 and 
500°F per second, depending on the type of steel, causes austenite to 
begin to transform between 1100 and 840°F {Ar^)^ depending on the 
cooling velocity. The transformation, only partly completed, stops 
somewhere between 840 and 950°F. When the untransformed austenite 
is cooled to below 400°F it changes into martensite at the Ar\ The 
structure is a mixture of primary troostite (fine pearlite of about 100 uu 
between laminations) and martensite (Figs. 80 and 81). 

Very rapid cooling supprt^sses all transformations at high temperatures 
and austenite is retained until the temperature has dropped to about 
400°F or lower, where it transforms to martensite (Figs. 81 and 79). 
The critical cooling rate is the slowest cooling rate (velocity) which will 
suppress the formation of primary troostite and produce only martensite. 
This cooling velocity for a %-in. round of steel containing about 1% 
carbon is about 7 sec from 1300 to 390°F as reported by Portevin and 
Garvin. 

Martensite is the hardest decomposition product of austenite and, for 
high-carbon steels, usually varies between 64 and 70 Rockwell C. 
Rapid, continuous cooling to room temperature or below gives the high- 
est hardness and is most liable to cause cracking. To avoid cracking 
the first stage of cooling may be done rapidly and the later stage more 
slowly. Rapid cooling of austenite to Ar^' prevents the austenite to 
pearlite transformation and slower cooling below Ar' prevents cracking. 
This is often accomplished commercially by quenching from above the 
upper critical {Ac^) in cold water, brine, or caustic for sufficient time and 
finishing the quench in oil. ( Yacking usually occurs when the steel is at 
a temperature below 212°F. 

Mechanism of Hardening by Quenching. When austenite is 
quenched drastically it reaches the transformation Ar'' and, being 
metastable and supersaturated with carbon atoms in its interstitial 
solid solution, it starts to recrystallize. Recrystallization takes place in 
acicular plates on the 111 planes of the austenite with the formation 
known as martensite and with an increase in volume. These martensite 
plates etch white and are in relief in any residual austenite matrix. 
Freshly formed martensite is a phase composed of a supersaturated solid 
solution of carbon atoms in a body-centered tetragonal lattice. When 
austenite is quenched to Ar" and slowly cooled from there, these white 
needles are tempered so they etch dark and are composed of a matrix of 
ferrite and extremely fine unresolved particles of FeaCk This is called 
tempered martensite or acicular troostite and the hardness is lowered 
by 5 to 10 points Rockwell C below that of martensite formed by quench- 
ing drastically to room temperature. 
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Probable Reasons for the High Hardness of Martensite in High- 
Carbon Steels. 1. Supersaturation of carbon atoms in a strained 
body-centered tetragonal iron. 

2. Fine recrystallization product martensite within the austenite grain. 

3. Reinforcement of structure or the resistance to slip caused by the 
martensite plates in the austenite grain. 

4. Lattice distortion. 



Per Cent Carbon 

Courtesy Burns, Moore, Archer, Grossman, A.S.M. 


Fig. 84. Hardness vs. carbon content. Steels water quenched. 

The most important variable in the heat treatment of steel is chemi- 
cal composition, and small variations in carbon and alloy content produce 
important changes in critical cooling rates, hardness, and other proper- 
ties. It is generally agreed that low-carbon steels (hypoeutectoid) re- 
quire higher critical cooling rates and must be quenched more rapidly 
than eutectoid steels, other variables being constant. From the data 
available, hypereutectoid steels appear to have critical cooling rates 
very close to or only slightly faster than eutectoid steels. The effect of 
carbon on the maximum hardness is clearly shown in Fig. 84. 

Low-carbon steels do not respond to heat treatment sufficiently to 
warrant hardening commercially. As the carbon content is increased 
the hardness obtainable by quenching is rapidly increased to about 0.60% 
carbon, beyond which further increase is gradual. Increased amounts 
of carbon when dissolved in gamma-iron to form austenite retard the 
transformation of austenite to martensite sufficiently to allow lower 
cooling rates and still produce martensitic structure of high hardness. 
Critical cooling rates may be lowered still further by alloying elements 
dissolved in austenite and by coarse austenitic grain size. 




152 


IRON AND STEEL 


Surface Scale. The presence of a thick layer of scale on a steel, due 
to heating in an oxidizing atmosphere, will lower the speed at which the 
steel can be cooled and result in lower hardness. Areas from which the 
scale cracks off during quenching of course will be much harder than 
those protected. The quenching of steel covered with heavy scale will 
result in an unreasonable number of soft spots. 



Courtesy M. A. Grossman, The Heat Treatment of Steel, 1940 

Fig. 85. Time-temperature cooling curves at difTerent positions in a 1-in. diameter 
bar quenched drastically in water. 

Size or Mass of the Piece. It is obvious that a small piece (1 in. 
diam by % in. thick) will cool much faster than a large piece (1 in. diam 
by 6 in. long) when quenched in water, but it is not easy to visualize or 
predict the difference in cooling rate between the outside and the inside. 
The outside is cooked more rapidly than the inside, as shown by Gross- 
mann-Russell in Fig. 85. The general form of these curves has been 
confirmed by experiment. 

The circle in the upper right represents the cross section of a one-inch 
steel bar and A, By C to G the points taken. The curves A, R, C to (? 
(lower left) show the actual cooling rate for the various distances from 
the outside to the inside of the bar. The outside, having a much faster 
cooling rate, will become much harder during quenching than the inside 
where the cooling rate is slower. The outside will be martensite whereas 
the inside will be a mixture of martensite and primary troostite (unre- 
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solved pearlite). In accordance with this principle some special steels 
with very low critical cooling rates will harden completely through heavy 
sections, whereas steels with high critical cooling rates can be hardened 
throughout only in small sections. 

Homogeneity of Austenite. In order to obtain homogeneous austen- 
ite the steel must be heated to the proper temperature above the upper 
critical and held at constant temperature until a solution and diffusion 
of the carbon has taken place. Immediately above the upper critical 
the rate of diffusion is somewhat slow but increases rapidly as the 
temperature is increased. Austenite grains low in carbon content have 
high critical cooling rates and therefore may not be completely hardened 
when quenched. Homogeneous grains, on the other hand, are more 
sluggish, more easily hardened, and produce more uniform hardness. 



Fig. 86. Overheated steel. Martensite and austenite, showing martensite plates 
in relief in austenitic matrix. Composition: 0.86% carbon. Treatment: heated 
to below the solidus and held for coarsening the grain and then drastically quenched in 

ice water. X 1000. 

Grain Size of Austenite. Htends heatcnl to far above the upper criti- 
cal will tend toward large austenitic grain size (Fig. 86). This tendency 
for grain growth is the greatest in homogeneous structures. The so- 
called fine-grained steels, usually deoxidized by aluminum, are more 
resistant to grain growth because of many small particles of AI2O3 in the 
grain boundaries of the austenite which are not soluble. This insoluble 
buffer retards grain growth until quite high temperatures are reached. 
In general, steels with large austenite grains harden more deeply than 
those having fine grains but are not so tough. 

Quenching Media. From a practical standpoint high quenching 
velocity can be obtained by the use of rather limited number of quenching 
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media. The most important are listed below in order of descending 
rapidity of quench. 

NaOH, up to 10% in water 
NaCl, up to 10% in water 
Water at various temperatures 
Oil of various kinds 

The temperature of the quenching media should be maintained 
within relatively dose temperature limits to insure uniform quenching 
rates. This is accomplished by having a large volume of liquid and a 
circulating system. With oil the temperature should never be allowed 
to reach, or even approach, the flash point because of danger of fire^ 
Aqueous solutions are the most efYectivc for quenching and most’^dm- 
mon, primarily because of the property of high heat of vaporization. 

Tempering. Steels are seldom used in the as quenched ” condition 
since most steel parts would be too brittle in this state and would have 
considerable internal stress. Tempering or drawing is usually essential 
before suitable properties are obtained. This operation consists of 
reheating a hardened steel to some temperature below the lower critical, 
holding a sufficient period of time, and cooling as desired, usually in air. 
Quenching from tempering temperature is sometimes employed to pre- 
vent aging or temper brittleness in certain alloy steels. 

The purpose of tempering steel is to toughen it, but increasing the 
toughness is usually accompanied by a drop in hardness. If hardened 
steel parts are reheated at low temperatures such as 30()°F for periods of 
one or two hours, very little change in hardness takes place but the 
increase in toughness is appreciable. On the other hand, if the time is 
long, such as in die steels which are used day after day at 300°F, the 
hardness will gradually decrease. Increasing the tempering temperature 
to between 350 and 375°F for one to two hours will cause a very appreci- 
able increase in toughness and a decrease in hardness. Further increase 
in the tempering temperature will continue to increase the toughness and 
decrease the hardness. The results are represented clearly in Fig. 87. 
It should be pointed out that there is a range between about 450-650°F 
in which both hardness and toughness drop off. 

The changes in properties of hardened steel brought about by temper- 
ing are due directly to precipitation and coagulation of FesC to larger 
particles. Microscopic examination offers a very useful means of check- 
ing the degree of tempering and gives an indication of the mechanical 
properties which might be expected. Micrographs shown in Figs. 88, 
89, and 90 illustrate the changes that take place at different tempering 
temperatures. 
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Tempering Temperature ®F 

Courtesy M, A. Grossman 


Fig. 87. Hardness and impact toughness of hardened carbon steels when tempered 
at various temperatures for 1 hr. 



Fig. 88. Troostite. Composition: Carbon 0.90%. Etchant: picral. Treat- 
ment: quenched from above Act and tempered at 800°F for 1 hr. X 1000. 
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The effect of different heat treatments upon the mechanical properties 
of medium carbon steel is shown in Table 20. 

Usually carbon tool steels used for machining or punching soft steels 
are tempered for one hour between 350-500®F. When martensite is 



Fig. 89. Sorbite. Composition: Carbon 0.86%. Treatment: Quenched from 
above Aci and tempered at 1100®F for 1 hr. X 1000. 



Fig. 90. Spheroidized carbide. Composition: Carbon 0.86%. Treatment: 
quenched from above Acz and tempered at 1300°F for 10 hr. X 1000. 


tempered at temperatures as low as 212°F there is an increase in density 
and the white acicular structure precipitates FeaC and tempers to 
troostite over a period of about 1000 hours. This tempering lowers the 
Brinell hardness by about 100 points, or from 850 to 750. 

Austenite Transformation at Constant Temperature. If a steel 
specimen is quenched in a molten alloy bath at some temperature below 
the critical such as 500°F and held at this temperature until all the 
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Table 20. The Effect of Various Heat Treatments upon the Mechanical 
Properties of Medium-Carbon Steels* 

Chemical composition: C .38%, Mn .55%, Si .05%, P .024%, S .050%. 

Description of pieces treated: 1-in. rounds, 29 in. long; 14 pieces, all from same 
billet. 

Description of test pieces: One test piece from each of the 14 pieces, turned to a 
diameter of 3^ in. 


Heat Treatment 

Physical Tests 

Hardening and 
refining, 

“C 

Anneal 
and draw, 
°C 

Tensile 

strength 

Ela.stic 

limit 

Elong. 
in 2", 

% 

R.A. 

% 

Brinell 

number 

Sclero- 

scope 

test 

As rolled 


85,000 

50,000 

30.0 

48.9 

163 

25 

Heated to 760° and 

1 






cooled in furnace 


74,000 

42,500 

32.0 

54.7 

134 

23 

Heated to 815°; 

427 

100,000 

67,000 

21.0 

53.9 

179 

30 

quenched in oil 

482 

98,000 

06,000 

23.5 

52.8 

170 

29 


538 

90,000 

59,000 

26.5 

54.7 

170 

29 


593 

89,000 

58,000 

26.5 

63.5 

170 

29 


649 

75,000 

53,000 

33.5 

64.7 

156 

27 


704 

71,000 

51.000 

34.0 

59.3 

137 

25 

Heated to 815°; 

427 

110,000 

81,000 

19.0 

46.0 

223 

35 

quenched in water 

482 

103,000 

71,000 

22.5 

54.7 

192 

33 


538 

95,(M)0 

68,500 

23.5 

61.6 

187 

32 


593 

89,000 

63,000 

28.5 

63.0 

179 

29 


649 

82,000 

57,500 

30.5 

65.4 

156 

26 


704 

73,000 

51,(M)0 

34.0 

59.8 

143 

25 

♦Camp and Francis, The Making , Shaping and Treating of Steel , 5th ed., 1940, p. 

885 . 


austenite is transformed, the product will not be exactly the same as 
would be obtained by quenching in water and tempering at 500 °F. The 
results of the transformation of austenite at constant temperature (iso- 
thermal transformation) are shown in Fig. 91. Such a chart, or S-curve 
as it is often called, represents the data for a single steel which in this case 
was a carbon steel of eutectoid composition. Each steel has a character- 
istic austenite decomposition rate and will, therefore, have a different 
S-curve. It should be noted that temperature in degrees Fahrenheit 
has been plotted against time in seconds on a logarithmic scale. 

Such a curve is worked out experimentally by determining the time 
required for austenite to begin to transform and the time at which trans- 
formation is complete at each temperature level. For example, suppose 
the temperature of 50()°F is selected. Two furnaces are required, one at 
a high temperature within the austenitic field, and the second at a low 
temperature having a salt bath or low fusing alloy held constant at 
500°F. Several small pieces of steel are heated to the austenitic con- 
dition. The first piece is quenched in the 500° bath, held at this tem- 
perature for a short interval of perhaps five seconds, and again quenched 
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Courtesy Bain and Davenport 

Fig. 91. Isothermal transformation of eutectoid carbon steel. 
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in water. The second specimen is quenched to the same temperature 
but held longer, about ten seconds, and quenched in water. Each succes- 
sive piece is held a slightly longer period of time at 500° before quenching 
in water. All samples are then examined with the microscope. The first 
samples that have not begun to transform at 500° are completely mar- 
tensitic in structure and in partly transformed specimens all austenite 
remaining at 500° when quenched in water is also changed to martensite. 
By estimating the relative amount of martensite in each specimen it is 
possible to determine the time required for the beginning and completion 
of the transformation of austenite at any temperature level. All other 
temperature levels arc handled in the same manner as the one discussed. 



Fig. 92. Tempered martensite or aciciilar troostite or bainite in a martensitic 
matrix. Treatment: quenched from 1650°F in salt quenching bath maintained at 
350°F; held 1 hr to obtain about 50% transformation of austenite to bainite and 
quenched in water to transform remaining austenite to martensite. 

The temperature of transformation has a pronounced effect on the 
properties of the steel. When austenite of eutectoid composition trans- 
forms at high temperature, for example about ten degrees below the 
Aei, the structure is coarse lamellar pearlite which has a hardness of 
about 170 Brincll. When the steel is transformed at 1000-1 100°F the 
structure is very fine. It can be resolved only with great difficulty but 
has been shown to be fine pearlite. The transformed patches make their 
appearance as nodular patches which etch dark. The hardness is about 
401 Brinell (42 Rockwell C). At about 850°F the transformation prod- 
uct is of the acicular type which persists to low temperatures where 
martensite is formed. This structure is acicular troostite or tempered 
martensite and has been called Bainite (Fig. 92). Its hardness gradually 
increases as the temperature of transformation is lowered from about 
850 to 400°F. 
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An advantage of such a treatment (Austempering) over the conven- 
tional method of quenching and tempering seems to be in increased 
toughness in the high hardness range without any danger from cracking; 
however, it takes about a week for a plain carbon steel of 0.80% C to 
transform to its maximum hardness of 60 Rockwell C at about 350°F, so 
the long time involved limits its application. Small sizes only can be 
successfully or economically treated. If sections are too large they 
partly transform to fine pearlite between 1000° and 1100°F and conse- 
quently there is less austenite remaining for the low temperature trans- 
formation between 250° and 350°F. The shape of an isothermal curve is 
materially affected by both the carbon and the alloy content. Curves 
for many types of steels have been published and are available in the 
literature. 

In summarizing the heat treatment of carbon steel the reader is 
referred to Fig. 93 which summarizes the microstructures formed when a 
carbon steel of eutectoid composition is given various heat treatments. 

ALLOY STEELS 

Alloy steels contain one or more alloying elements, other than carbon, 
in sufficient proportion to modify or improve substantially some of its 
physical or mechanical properties. 

Usually alloying elements are added to steels in order to 

1. Improve strength at ordinary temperatures. 

2. Increase depth of hardening so larger sections can be treated. 

3. Refine grain size and obtain higher impact toughness. 

4. Improve strength at high temperatures. 

5. Increase resistance to corrosion. 

6. Increase resistance to abrasion for wear resistance. 

7. Improve magnetic properties. 

The trends of influence of various alloying elements and also their 
specific effects are sho^vn in Table 21(a). 

Table 22 gives the general classes of S.A.E. structural alloy steels 
recognized in industry. In the automotive and tractor fields there is 
considerable overlapping of different steels for the same usage, but this 
is not surprising because the S.A.E. structural steels are all substantially 
equivalent on the basis of mechanical properties, provided : 

1. The sections are so chosen that they are hardened throughout on 

quenching. 

2. They are tempered to the same tensile strength irrespective of the 

tempering temperature necessary to produce that tensile 
strength. 

3. A tensile strength of 200,000 psi is not exceeded. 
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Austenite 

Interstitial solid solution of 
carbon in gamma (T) iron 




Acl 1350 

‘ ,1 

1250- 1330 

Spheroidized Cementite 
Matrix ferrite, B.C.C. 
lattice FejC particles 
large and rounded. 
Softest transformation 
product 


Spheroidized Cementite 
or 

Spheroidite 
Mill annealling treat- 
ment; Cool from 
1380 to 1335; 

Hold 6 hours; Air cool. 
Produced also by 
high draw 


g 750- 1250 ®F 

c Sorbite 

S Matrix ferrite, B.C.C. 

o lattice Fe 3 C particles 

■o small,round, and resolved 


400- 750 ®F 
Troostite (Secondary) 
Matrix ferrite, B.C.C. 
lattice. Carbide particles 
too small to resolve. 
Any residual austenite 
tempered and complete 
structure etches dark 

200-400 ®F 
Tempered Martensite 
or 

Acicular Troostite 
(with residual austenite) 
Martensite tempered dark. 
Any residual austenite 
unchanged until 
about 400 ®F 


Pearlite 


Coarse pearlite 
Laminations of ferrite 
and cementite. Spacing 
about 1000 ;u;a. 


Hold 90^ 


i Martensite 

(with residual austenite) 
f Supersaturated solid solution 
of carbon in body-centered 
tetragonal lattice. White 
^ needles (plates) in relief 

g. along 111 planes of 

K austenite. Hardest 

? transformation product 


1 

Primary or Nodular Troostite 
Unresolvable fine pearlite 
Laminations of ferrite and 
cementite of spacing about 
100/i/i. Occurs with martensite I 
around grain boundaries 


Acicular Troostite 
(Bainite) 
or 

Tempered Martensite 


Formed by interrupted 
quenching; holding as 
In austempering or 
slow cooling from Ar" 


Fig. 93. Austenitic transformation of eutcctoid carbon steel. 


"High draw”- Low anneal or "Loneal' 







162 


IRON AND STEEL 




ALLOY STEELS 


163 


3 °2 2 “'o. ^ 


j:3 oj (u 2 

c3 a t" ? 


^ G 'jj 

S C O <3i 

> S*£ 2 t 3 

'®‘5 9 

•fl 

o fl “Ph 

£ 0^ 0) 

2 - W! .-V 


3 ^ tj.S a^ 

s S V 0.2 i 

o o G'i 

V OJ-^ w ^ 

£ c.£ c c^- 
R o o 
.2 > « > ^ ^ 
^3 O.ti ^ O ' 
•-' >* 
pH PU 


'i.'S A fi, 

2^0 .tia V 


o 2 — < o "TD •/. o 

a> £ o o fc- o--* R 

it; ?3 — ' ♦^ >«-H 

W K 


^ r/j b£ ^ 


c ^ 

S s = 5 

.;£-o 

£33.2 


5 ^ I 2 
:5- go § 

r ’r: n R ” 


a o 73 ^ o 
I P. W 


^ c 

-9 « 

2 ts 
§ ti § 
T .2 o 
a c 4^ 
9 o M 

. o.y 

.2 io^ I 

2 2 ^.2 S 

^ c^ S.ii 

JS «o 


£'2 

tt rt 5 :£ 
c e o 'R 9 
•-.SfS o 
-2 2 *1 2 ^ d 

2 -2 
R 2 .R «3 a> *3 

as-:a ° g-s s 

j< 

1 o u 

•g ^ bt,^ d) 
® -2 R 52.2 

_ -R S 5 TJ R 

2 bC is 4> a fl O 

^ RtJ S nT3 
e .R 'O u .5 y C, 

2 fi G C3 x Si ej 
S' o C c: 


•R o r 7 ? 2 : R » R 

73 Q, G 2 2 o^ J. o I 2 

3^.5- -2^ 

^ o bt.a R rt-^ 

a ^ o s o-£^ gT 3 ^ 

o-R-o-i 03.^3 2 ’R'I 2 ® 

£ g-sx ai g S I S 


O cn R 
3-..^ »0 4> 

§H6g3 

.§^^£’£-r 3 

«<M o ^ R-R 


o^ rJ:; 5'5 2 g 

^ o Ui O lO 4) 2 

o a 03 ^ R-o-S 

<N S “ §2 ^’% g 
toS So 


■5 s ^ 

41||£ 

” P 2 

^ o tf q5 

^3 S. 


^ R o o 

• J^ 0) w, R5 
G 

S m © 2^ 

© g © R 


§> 

> 



164 


IRON AND STEEL 



^ Ph CIh ^ ^ Ph 

+ + -h I I I + 


p^pL<k5p,PHpnft^a^cxHa)^a3^ 
^ U5 «0 <N o 'a^ Ui O w 

-h+i i-i-:r.2i 17-fi-fi 


Ph i-I 
CO CO <0 

+ + I 


^Oh Sp, 
Qx 

+ §+ s+ 


p, “a. 

= S-' 

S+ I I I 


CO g 

Oi rtPn 

fl ^ 

+ 1 + 1 ' 
•s » 


•a 

® r- 

rto 3o 


^ 2+ ^ 


cr<5o 

+ £ -I Q I 

M to 

^ 

^ e3 ;r: 

a ! I 

ftn iJ c a 
' go |o 

-S I - 
^ ^ ^ . 
apui ^ IgO, cP, 

> §^2 So'^^IY' 

•^ 4 - < 3 ^ & I 2 I 

0^0 S 'T3 


^ ia, S^ 0, 

1 1 1 8+ I 


j 3^ ® 

' |T|' ^+ 

o ^ .2 

s I I 

S ^ 6 

^ o. 

^ (u .2®^ 

^ S? o'Z 

T « «+^-+ 

»,- r 1. 


2^4 rtPn ; 
SX *^0 

I 3 g 

g I ° . 

55 pL, ,.Ph gD-i ' 

;< o Wo 2 lo 

H f-H O r-t b£ I / 

2_i_ 5?_1_ ®"r f 
«+ fj+Q 


55 W 5 
2co P50 wC^ 

i+| §+, 

<J ts <j I 


^ CO C c 

3 I ••ft. la, ' 

90 5o d'» Bf' 

I* 2 2 I g I 

M ^ i 
J ^ i ? < 

fa, |a.®a, ^o, 

<'%' z' 


O . w O O 

ga. 

» §7 w7 27 
« I M-h a I w 
® w jc 

O O Q Q 


“»> 

1+1 + 15 |T 


D 0 ! 3^- 

, WQh .a -fiOm 

;o2 E:y 

I ' = + I 

w h3 

2 M « 5 

- H « *< -< 

l's+ a; 1+ 

fS w w s 



Table 21 (6). {Continued) 


ALLOY STEELS 


165 


Q. O 

o a*-' 
O 


§ aS 

eU :3d 

> 

B 

o 

c 

-^=^6 


^2^ 
^ 3 to 


B 

■is§ 

o 


ra Q.O 
7 D Sc^ 


3 0^ 
S3 O 
3 aco 
^ 3d 


I&3 


tftoQ 

PmO 

s°" 


Odo 


-£^1 

O©o 


I I 


ft. 

I 


ft. 

I 


ft. 

o 


+ 13 

=3 


= I 


ft. 

v^ 

1 


ft. 

O 


ft. 

v^ 

I 


ftl 

ft. 











fH 

C 5 


e>-. 


c- 







4 - 

4 - 

+ 

+ 

+ 


¥ 

¥ 

¥ 

¥ 

¥ 

1 

ft. 

ft. 

ft. 

CO 



ft. 

ft. 

ft. 

03 

CO 

ft. 

C 5 



(M 

CO 

0 

CO 


fH 

(N 

ft. 

r-t 

4 - 

4 - 

4 - 

4 - 

4 - 


4 - 

4 - 

4 - 

4 - 

4 

4 

co 

ft. 


c» 

co 


DQ 

co 

co 

co 

03 


CO 

«o 

<N 


Tf< 

0 

CO 


<N 


ft. 

c> 

4 - 

4 - 

4 - 

4 - 

+ 


4 - 

4 - 

4 - 

4 - 

4 

>«^ 

1 


I I 


ft. 

I 


ft. 

I 


T3 
Q. O 
^ j3 

»0 O 

+ 1 

>> 

JO 


"oQ 

+ « 
33 

n 

01 

ft. *5 

d 

+ *: 


ft. 

CO 

ft. 

ft. 

03 

0 

0 

CO 


0 95 

¥ 

¥ 

4- 

4- 

+ ' 

ft. 

ft. 



ft. ft. 

QO 

CO 

0 

0 

op 


OCO O) ft. 

T2 ^ - 


4- + + 


I I 


ft. 

95 

I 


►-3 

95 

I 


.^ft. ft. 



'STl®' 


L-+ i: 


^ 0^0 w o 

S 


d n 
*< -< 
gft. ^ 
WM WO 

IS IS 


CO 

3 g 

2 Sftn 

WO 

% S+ 
s 


s I 

I 0, §a,Sa, 

o °o •S'? •3~' 
« I I I I I 

h «2 CO 


1“^ i 
i^TsT i° 

o'*-' o o 
H H H 


S rt 

I ft. ^ft. 

Q I ^‘1 2 I 

1 r » 

5 I I 

1 14- 

o O C o 

■ " I s I - 
g a o 

2 "S ^ -c 

•o -g I m 

*0 ^ o 

g ^a,la.oa. 

— O . . 4^ '-1* O Qo 

2 .2 I a I "" 1 


^ O -rt 

cr lo ^ 

Ivj-ft.'Sft. 

I' 

9 o 


« I e 5 

pft. ui-H d>-( ^ 
^v^ 5 (N cQIN'Bo 

« I ^+j:+r 

M o a> p 

ft ^ p p 

§ CO ^ ^ 

H • ~ "■ • - 

Pi( pt, Cjh 

§0, s, a, §5 a, 5,0. 

095 ‘•^O ‘ft* 95 

tf I 17 17 I I 


ft. 


2 ^2 
4 J I 

m 

a 

O fl o 

.s *>. 
I d I 


g-:; 

(N 




c 

PQ 


UD 

B '-e 


So, So, lo. 



" * sT 2 ' 

•S -s ' I 


p 


V 


3o 3 qo 

**- **- I 

11 ^' 

& m S 


H ft ' h ' h 


U H H 

wci^ wa, ^ 

go So 50 gw gw go 

p p p p I p I p 

p O O ^ “ 


ft. ft. a 

^ft. ^ft. gft. 

§0 

1 I I 7^7 

ft ft ' .. ' 

^ ^ t: 

2 2ft 


H H 


o 

H 


o 

H 


o 


H 

W 

oO 

H 

2 

§0 

SiJ 

Q95 

p 

0 

p 

0 

•J 1 

H ' 

H 





166 


IRON AND STEEL 



80 120 160 200 240 0 20 40 60 


Yield Strength, 1000 Psi. Elongation and Red. of Area,% 

Courtesy E. J. Janitzky and .\f. Baeyertz, A.S.M. Handbook, 1939. 

Fig. 94. Data on the tensile properties of several S.A.E. water-hardened steels. 
One-inch round bars were normalized, hardened according to S.A.hL re(!ommenda- 
tions, then tempered at various temperatures from 400-1 300°P\ 

Fig. 94 and Fig. 95 give the relationship of mechanical properties of 
these tempered steels after water or oil quenching. Fig. 96 shows that 
low alloy steels are more resistant to tempering than the 1300 series, 
which are essentially carbon steels. 

In general it may be said that alloying elements having a crystal 
structure similar to that of gamma-iron (f.c.c.), and which are com- 
pletely soluble in 7 , will cause retention of a comparatively stable austen- 
ite at room temperature if present in sufficient quantities. These ele- 
ments are manganese and nickel. 

Hardenability. One of the most important reasons for using alloy 
steels instead of carbon steels is for an increase in depth of hardening. 
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80 120 160 200 240 0 20 40 60 

Yield Strength, 1000 Psi. Elongation and Red. of Area, % 

Courtesy E. J. Janitzky and M. Bneyertz, A.S.M. Handbook^ 1939, 


Fig. 95. Data on the tensile properties of several S.A.E. oil-hardening steels. 
One-inch round bars were normalized, hardened according to S.A.E. recommenda- 
tions, then tempered at various temperatures from 400-1300°F. 

Larger sections can be hardened to a greater depth and consequently 
greater strength is obtained throughout the thicker sections than obtains 
with carbon steel. 

A list of elements affecting hardenability of steel is arranged in the 
following decreasing order of effect: 

Highest Hardenability and Poorest Weldability 
C P S Mo V Si Cr Mn Cu Ni 

A recent view of weldability is that it is the reverse of hardenability. 
This does not mean that there is difficulty in melting or fusion, but that 
unannealed welds with large amounts of elements on the left end of the 
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series will be harder and less ductile as welded than if the elements are 
lower and toward the right. 

The Bethlehem Steel Company suggested a list of alloying elements 
with a factor for each 0.01 per cent of the given element for calculating 
the strength of alloy steels in the same condition of heat treatment. The 
list is similar to one used by the Ryerson Company. 

P C V Mo S Mn Cr Si W Ni Cu 

40 30 20 16 16 8 5 5 4 4 4 



Tempering Temperature 

Courtesy E. J. Janitzku and M. Baeyertz, A.S.M. Handbook, 1939. 

Fig. 96. Change in tensile strength with increase in tempering temperature for 
water- and oil-hardening steels. Specimens were held at tempering temperatures 

for 30 min. 

Another series of elements for hardenability was proposed by Bums, 
Moore, and Archer: 

C Cr Mn Ni Cu 

1000 500 400 100 100 (for 0.45% C steels) 

Recently Burns and Riegel rated hardenability as follows for three 
different carbon contents: 


c 

Cr 

Mn 

Ni 

Cu 


2000 

500 

500 

100 

25 

(for 0.10-0.35% C steels) 

1000 

600 

500 

100 

25 

(for 0.35-0.50% C steels) 

500 

500 

500 

100 

25 

(for 0.50-1.00% C steels) 


The proper order of elements for a hardenability rating depends on 
grain size, carbon content, combinations with other elements, etc., and 
it may be a long time before metallurgists are in agreement on this 
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important question. The hardenability effect of the various elements 
mentioned is supposed to be proportional to the numerals accompanying 
them. 

The elements having a strong influence for grain refining are aluminum 
as AI2O3, zirconium as Zr02, chromium as Cr 203 , and titanium, alumi- 
num, and zirconium as nitrides. The elements classed as ferrite formers, 
which are not in the carbide phase (FesC), are phosphorus, silicon, 
copper, nickel, and aluminum. Manganese is a weak carbide former and 
also strengthens ferrite. The carbide-forming elements which are pres- 
ent in annealed steels mainly as carbides, if sufficient carbon is present, 
are titanium, vanadium, tungsten, molybdenum, and chromium to some 
extent. 

The amounts of alloying elements commonly used in commercial 
alloy steels are given as follows^ with only slight modifications: 

P Under 0.04% in heat-treated steels; around 0.10% in some free* machining 
steels; up to 0.15% in low-carbon, high-yield-strength steels. 

S Under 0.055% in heat-treated steels; 0.10-0.30% in some free-machining 
steels in conjunction with high manganese. (Not an alloying element.) 

C 0.10-0.20% in carburizing, and 0.07-0.15% in high-yield-strength steels for 
welding; 0.20-0.40% in most constructional steels and castings; 0.40-1.20% 
in various spring and tool steels. 

Mn Over 0.25% and under 2% in most structural steels; 12-14% in austenitic 
castings. 

Si V^ery low in rimming steels; from 0.10-0.30% in most S.A.E. steels; around 
0.50% in castings; up to 0.75% in high-yield-strength steels; 1-1.75% in 
graphitic steels; up to 2% in spring steels; still higher in low- carbon steels 
for electric uses. 

Cu About 0.20% in “ copper-bearing atmospheric-corrosion resistant steels; 
up to 1% in high-yield-strength steels; to 2% in steels for precipitation 
hardening. 

Ni Usually 2.50-3.50% when used alone; up to 5% in carburizing steels; 0.50- 
3.75% in complex steels. 7% or more added to corrosion-resistant Cr 
austenitic steels. Special uses for higher Ni steels. 

Cr Under 1.50% in most structural steels for heat treatment; 0.50-4% in tool 
steels, larger amounts in still-tube steels; 12-30% in corrosion- resistant 
stainless ” steels. 

A1 0.01-0.10% for grain-size control. Seldom used as ordinary alloying element, 
save 1-2% in special nitriding and up to 5% in special heat-resisting steels. 
Ti 0.01-0.20% for grain-size control; up to 0.80% in austenitic stainless steels to 
stabilize carbides, and in nonhardening 5% Cr steels. 

V 0.01-0.20% for grain-size control and slight alloying effect; 0.25-5% in tool 
steels. 

Mo About 0.20% in constructional steels, smaller amounts in high-yield-strength 
steels; 0.50-1.50% in steels for high temperature service, up to 9% in tool 
steels. 

W Very rarely used in constructional steels. Around 1-2% in steels for high 
temperature service; 0.50-20% in tool steels; 5.00-9.00% in magnet steels. 

* Bullens-Battelle, Steel and Its Heat Treatmenty Vol. II, 4th ed., pp. 178-179, 1939. 
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In general, the alloying elements lower the eutectoid composition to 
less than 0.80% C. The austenite formers lower the critical points 
and the carbide formers raise the critical points, with the exception of 
chromium if the carbon is low. 

The effect of carbon is far greater than the effect of like amounts of 
alloying elements on the physical properties of hot-rolled steels if phos- 
phorus is excluded as the element having the most potent effect. 

With most S.A.E. steels, 

0.1% carbon lowers A ca about 4°F; increases tensile strength. 

0.01% Mn lowers Aca about 0.5° ; increases T.S. about 110-250 psi. 

0.01% Ni or Cu lowers Aca about 0.4° ; increases T.S. about 100 psi. 

0.01 % P raises Acs about 8° 

0.01% Si raises Aca about 0.5° 

0.01 % V raises Aca about 0.6° 

0.01% Mo raises Aca about 1.3° 

0.01 % W raises Aca about 0.5° 

0.01% Cr raises Aca with high C; increases T.S. about 60-200 psi. 

0.01% Sn increases T.S. about 1000 psi. 

Gamma Loops. When a number of alloying elements, ferrite and 
carbide formers, such as Si, P, Mo, W, V, Cr, are added to iron, individu- 



Per Cent Chromium 

Fig. 97. Iron-chromium constitution diagram. 

ally or in combination, they form the so-called y-loop, illustrated in 
Fig. 97. 
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In these cases the elements raise the As transformation and with 
increased carbon the loops are enlarged by extension of the y field to the 
right. Alloys having composition just beyond the nose of the loop 
remain ferritic and are not capable of hardening by quenching because 



Fig. 98. Stainless steel. Above, 18% Cr, 8% Ni, 0.08% C. Structure is twinned 
austenite. Treatment: water-quenched from 2100°F. X 1000. Below, same 
after heating 1000 hr at 1600°F. Showing precipitation of chromium carbide at 
grain boundaries which aids in intergranular embrittlement and decreases corrosion 
resistance. X 1000. Mo bearing stainless steels not susceptible to this type of 
corrosion at same heat treatment. 


5- and a-irons are the same modification; i.e., the 18 per cent chromium 
steel of low carbon is ferritic and strongly magnetic. On the other hand, 
a low carbon alloy of 18% Cr and about 8 % Ni can be made about 100% 
austenitic ( 7 -solid solution) and nonmagnetic by quenching (Fig. 98). 
In the first case the composition falls outside the nose of the loop and in 
the second case the 7 field is extended by the addition of nickel. 
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The a-^ steels are very susceptible to grain growth at elevated tem- 
peratures because they have no transformation to the face-centered 
lattice and, therefore, cannot recrystallize. All grain refining must, 
therefore, be done by the cold-working and annealing process the same 
as for copper and brass. 

A classification of commercial steels, including plain carbon, alloy, and 
some special alloys, is given under the following headings and is based on 
service classification. 

1. Structural steels 

S.A.E. steels 
A.I.S.I. standard steels 
National Emergency alloy steels 
Stainless steels 

Low alloy high-yield-strength steels 

Hadfield manganese steels — austenitic, high manganese 

2. Tool steels 

Carbon, alloy, and high-speed steels 
Graphitic steel 

3. Magnetically soft steels 

4. Permanent magnet steels and alloys 

5. High temperature steels 

6. Valves and valve seat steels 

7. Low expansion steels 

8. Low temperature steels (below room temperature) 

Table 22. Classification of Steels 


1. Structural Steels 

(a) S.A.E. Steels; carbon, free-cutting, medium-alloy, and corrosion- and heat- 
resisting steels. 

Authors^ note: Free-cutting steels (screw stock) with higher P and S are for 
breaking the chips easier by lowering the ductility. Lead additions to free- 
machining steels, between 0.10-0.25%, appear to increase machinability 
about 20%. Also added to alloy grades. Segregation of lead in stringers is 
common. Mechanical properties as follows: 


Hot-Rolled S.A.E. 1020 
(No lead) 

Hot-Rolled S.A.E. 1020 
(Same heat + 0.25% Pb) 

Tensile strength 

58,000 psi 

58,500 psi 

Yield point 

39,500 

39,500 

Elongation, % 

31 

28.5 

Reduction in area, % 

56 

51 

Charpy impact 

36.5 

35 

Brinell hardness 

106 

106 


(6) A.I.S.I, Steels; standard steel compositions were proposed by the American 
Iron and Steel Institute and the Society of Automotive Engineers in January, 
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1942, to simplify the several thousand different types of steel made up to that 
time and these organizations have made a great forward step toward simpli- 
fication. 

See Table 22(a). 

(c) Stainless Steels; martensitic, ferritic, austenitic. Chromium is the main ele- 
ment for corrosion resistance by film effect of Cr203. Nickel also increases 
corrosion resistance and improves hot-working characteristics. Mo improves 
corrosion resistance. Cb ten times carbon content and Ti minimum four times 
carbon content improves corrosion properties after welding and largely 
eliminates intergranular corrosion adjacent to welds. 

See Tables 22(6) and 22(c). 

{(I) Low-Alloy High- Yield-Strength Steels. 

Trade names: Cor-Ten, Man-Ten, Sil-Ten, Yoloy, R.D.S., Hi-Steel, H.T.50, 
A.W.Dyn.El., Jal-Ten, Konik, Mayari R, etc. 

Yield point raised from 30-40,000 psi for carbon steels to 45-65,000 psi. 
Comp: Carbon 0.10-0.30, Mn 0.10-1.75, Si 0.10-1.00, Cu 0.10-1.50, Ni 
0-2.00, Mo 0-0.40, P 0.035-0.20, Cr 0-1.50, V 0-0.20. Cu, P, and Cr 
added for corrosion resistance and increased strength. 

(c) Had field Manganese Steel (mostly cast). 

Austenitic — high manganese. 

Comp: C 1.00-1.40, Mn 10.00-14.00, Si 0.30-1.00, S 0.05 max, P 0.10 max. 
Tensile strength 130,000-160,000 psi. 

Proportional limit 40,000-60,000 psi (No Y.P.). 

Elongation in 2 in. 60-70%. 

Reduction of area, 60-70%. 

Brinell hardness 200-230. 

Austenitized 1830-1940°F by water quenching. 

Wear resistant under heavy abrasion only by recrystallization 7 — ► a, increas- 
ing 13HN 450-550. 

Uses: rail crossings, dipper teeth, rock-crushing machinery. 

2. Tool Steels 

(а) Carbon, Alloy, and High-Speed Steels. 

See Tables 22(d), 22(c), and 22(/). 

(б) Graphitic Tool Steels. 

Recommended by F. R. Bonte and Martin Fleishmann, Timken Roller Bear- 
ing Co. 

Clraph-Sil: Si 1.00, C 1.50, combined C < 0.90%. 

See Table 22(g). 

Graph-Mo: Similar to Graph-Sil with Mo 0.25-0.30. 

Advantages claimed: easy machining in annealed state; increased life for 
drawing dies, punches, coining dies, etc. 

Treatment: After annealing, quench in water or oil from 1450°F, temper 
300°F. 

Structure: Martensite matrix and free graphite. 

Rockwell “ C ” hardness 61-62 for production without chipping, dulling or 
spalling. 

Hot roll or forge < 2000°F without difficulty. 
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3. Magnetically Soft Steels 

Carbon preferred 0.005%; should not be over 0.01%. 
See Tables 22(/i), 22(i), and 220). 

4. Permanent Magnet Steels and Alloys 

See Tables 22(A;) and 22{l). 

5. High Temperature Steels 
Service at 750-1 100‘‘F. 

See Tables 22(m) and 22(n). 

6. Valves and Valve Seat Steels and Alloys 

See Table 22(o). 

7. Low Expansion Steels 

Low carbon, high alloy, mostly nickel. 

See Table 22(p). 

8. Low Temperature Steels 

See Table 22(g). 
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Table 22(a). Standard Steel Compositions 

Jointly Issued, January 21, 1942. Revised, Feb. 1, 1943, by American Iron & Steel 
Institute and Society of Automotive Engineers 


OPEN-HKAUTH ALLOV AND KlPX’TUK: FuUNACK C’aRDOV AND AlLOY StEELS 

(Blooms, Billets, Slabs, Bars, and llot-Uolled Strip) 












1942 

A.I.S.I. 



P 

S 





S.A.E. 

No. 


C 

Mu 

Max* 

Max* 

Si* 

Ni 

Cr 

Mo 

No. 

A 

1330 

0.28-0.33 

1.(50-1.00 

0.040 

0.040 

0.20-0.3.5 




13.30 

A 

1335 

0.33-0.38 

1.(50-1.00 

0.040 

0.040 

0.20-0.35 




1335 

A 

1.340 

0.38-0.43 

1.(50-1.00 

0.040 

0.040 

().2(V0.3.5 




1340 

A 

1345 

0.4.3-0.48 

1.(50-1.00 

0.040 

0.040 

0.2(V0..35 





A 

13.50 

0.48-0. .5.3 

1.(50-1.00 

0.040 

0.040 

0.20-0.35 





A 

2317 

0.1.5-0.20 

0.40-0.(50 

0.040 

0.040 

0.20-0.. 35 

3.2.V3.75 



/231.5 

\2317 

A 

2330 

0.28-0.33 

0.(50-0.80 

0.040 

0.040 

0.20-0.35 

3.2.V3.75 



2330 

A 

2335 

0.3.3-0.38 

O.GO-0.80 

0.040 

0.040 

0.20-0.35 

3.2.V3.75 




A 

2340 

0..38-0.43 

0.70-0.00 

0.040 

0.040 

0.20-0.35 

3.2.5-3.75 



2340 

A 

2345 

0.43-0.48 

0.70-0.00 

0.040 

0.040 

0.20-0.35 

3.2.5-3.75 



2345 

E 

2512 

0.00-0.14 

0.4.5-0.(5() 

0.025 

0.025 

0.2(V0..35 

4.7.V.5.25 




A 

2515 

0.12-0.17 

0.40-0.(50 

0.040 

0.040 

0.20-0.35 

4.7.V.5.2.5 



2515 

10 

2517 

0.1.5-0.20 

0.4.5-0.00 

0.025 

0.025 

0.20-0.35 

4.7.5-.5.25 




A 

3115 

0.1.3-0.18 

0.40-0.(50 

0.040 

0.040 

0.20-0.35 

1.10-1.40 

0.. 5.5-0. 75 


3115 

A 

3120 

0.17-0.22 

0.()0-().80 

0.040 

0.040 

0.20-0.35 

1.1(V1.40 

0.5.5-0.75 


3120 

A 

3130 

0.28-0.33 

0.(50-0.80 

0.040 

0.040 

0.20-0..35 

1.10-1.40 

0.5.5-0.75 


31.30 

A 

3135 

0.33-0.38 

0.(50-0.80 

0.040 

0.040 

0.20-0.35 

1.10-1.40 

0.5.5-0.75 


3135 

A 

3140 

0.38-0.43 

0.70-0.00 

0.040 

0.040 

0.20-0.35 

1.10-1.40 

0.5.5-0.75 


3140 

A 

3141 

0.38-0.43 

0.70-0.90 

0.040 

0.040 

0.20-0.,35 

1.10-1.40 

0.70-0.90 


/X314() 

1 3141 

A 

3145 

0.43-0.48 

0.70-0.90 

0.040 

0.040 

0.20-0.35 

1.10-1.40 

0.70-0.90 


3145 

A 

31.50 

0.48-0.53 

0.7(5-0.90 

0.040 

0.040 

0.20-0.35 

1.10 1.40 

0.70-0.90 


3150 

A 

3240 

0.38-0.45 

0.40-0.00 

0.040 

0.040 

0. 20-0.35 

l.().V2.(K) 

0.90-1.20 


3240 

E 

3310 

0.08-0.13 

0.4:>-().(5() 

0.025 

0.025 

0.20-0.35 

3.2V3.75 

1.4(V1.75 


/.3310 

(3312 

E 

.3310 

0.14-0.19 

0.45-0.(50 

0.025 

0.025 

().20-0..35 

3.2V3.75 

1.40-1.75 


A 

4023 

0.20-0.25 

0.70-0.00 

0.040 

().()4() 

0.20-0.35 



0.20-0.30 

4023 

A 

4024 

0.20-0.25 

0.70-0.00 

0.040 

(a) 

0.20-0.35 



0.20-0.30 


A 

4027 

0.2.V0.30 

0.70-0.90 

0.040 

0.040 

0.20-0.35 



0.20-0.30 

4027 

A 

4028 

0.2.5-0.30 

0.7(M).90 

0.040 

(a) 

0.2(V0.,35 



0.20-0.30 


A 

4032 

0.30-0.35 

0.70-0.00 

0.040 

0.(H0 

0.20-0.35 



0.20-0.30 

4032 

A 

4037 

0.3.5-0.40 

().7.">-l.(M) 

().()4() 

0.040 

0.20-0.35 



0.20-0.30 

4037 

A 

4042 

0.40-0.45 

0.7.5- l.(X) 

0.(M() 

0.040 

0.20-0.35 



0.20-0..3() 

4042 

A 

4047 

0.4r>~0..50 

0.7.5-1.00 

0.040 

0.040 

0.20-0.35 



0.2(V0.3() 

4047 

A 

40(5.3 

0. (50-0. (57 

0.7, VI. (K) 

0.040 

0.040 

0.20-0.35 



0.2(V0.30 

4063 

A 

401)8 

0.(54-0.72 

().7.V1.(K) 

0.040 

0.040 

0.2(V0.35 



0.20-0.30 

4068 

A 

4119 

0.17-0.22 

0.70-0.00 

0.040 

0.040 

0.2(V0.35 


0.40-0.60 

0.20-0.30 

4119 

A 

4120 

0.17-0.22 

0.70-0.00 

0.040 

0.040 

0.20-0.35 


0.60-0.80 

0.20-0.30 


A 

4125 

0.2.3-0.28 

0.70-0.90 

0.040 

0.040 

0.20-0.35 


0.4()-0.()0 

0.20-0.30 

4125 

A 

4130 

0.28-0.33 

0.40-0.60 

0.040 

0.040 

0.20-0.35 


0.S(V1.10 

0.15-0.25 

fX41.30 
1 4130 

A 

4131 

0.28-0.33 

0.50-0.70 

0.040 

0.040 

0.20-0.35 


0.80-1.10 

0.14-0.19 

E 

4132 

0.30-0.35 

0.40-0.60 

0.025 

0.025 

0.20-0.35 


0.80-1.10 

0.18-0.25 



* Lowest standard maximum phosphorus or sulfur content for acid open-hearth or acid electric 
furnace alloy steel is 0.05% each; silicon is 0.15% min. 

NOTE (a); Sulfur raiiRe: 0.035 to 0.0.50%. 


CODE: A is basic open-hearth alloy steel. 

B is acid bessemer carbon steel. 

C is basic open-hearth carbon steel. 
I) is acid open-hearth carbon steel. 


E is electric furnace steel. 

Q is forgitiff quality, or special require- 
ment quality. 

R is rerolling quality billets. 



176 


IRON AND STEEL 


Table 22(a). {Cotdinued) 


Open-hearth Alloy and Electric Furnace Carbon and Alloy Steels 
(Blooms, Billets, Slabs, Bars, and Hot-Rolletl Strip) 












1942 

A.I.S.I. 



P 

S 





S.A.E. 

No. 

C 

Mn 

Max* Max* 

Si* 

Ni 

Cr 

Mo 

No. 

A 

4134 

0.32-0.37 

0.40-0. (->0 

O.CVIO 

0.040 

t).2tM).3.5 


0.80-1.10 

0.1.5-0.25 


E 

4135 

0.33-0.38 

0.70-0 90 

0.02.5 

0.025 

0.20-0.3.5 


0.80-1.10 

0.18-0.25 


A 

4137 

0.35-0.40 

0.70-0.00 

0.0-10 

O.tMO 

().2t>-0.35 


0.80-1.10 

0.15-0.25 

41.37 

E 

4137 

0.35-0.40 

0.70-0.90 

0.025 

0.025 

0.20-0.35 


0.80-1.10 

0. 18-0.25 


A 

4140 

0.38-0.43 

0.7.V1.00 

0.040 

0.040 

0.2t)-0.,35 


0.80-1.10 

0.15-0.25 

4140 

A 

4141 

0.38-0.43 

0.7.>-l.(K) 

0.0-10 

0.640 

0.20-t).35 


0.80-1.10 

0.14-0.19 


A 

4142 

0.40-0.45 

0.75-1. (H) 

0.0-10 

0.640 

0.20-0.35 


0.80-1.10 

0.1.5-0.25 


A 

4143 

0.40-0.45 

0.7.V1.00 

0.040 

0.040 

0.2t>-0..35 


0.80-1.10 

0.3(M).4() 


A 

4145 

0.4.3-0.48 

0.75-1.00 

0.040 

0.640 

0.20-0.35 


0.80-1.10 

0.1. VO. 25 

4145 

A 

4147 

0. 4.5-0. .52 

0.7.V1.(K) 

0.040 

0.640 

t).20-()..35 


O.SO-l.H) 

0. 1 .VO. 2.5 


A 

4150 

0.4 6-0.. 53 

().7.V1.(X) 

0.040 

0.040 

t).20-0..35 


0.80-1.10 

0.1. VO. 25 

41.50 

E 

4150 

0.48-0.. 53 

0.70-0.90 

0.02.5 

0.02.5 

0.20-0.35 


0.80-1. 10 

0.20-t).27 


A 

4317 

0.1.5-0.20 

0.4. 5-0. (**5 

0.640 

0.640 

t).2(>-t).35 

1. 6.5-2. tXl 

t).4t4-t).()() 

0.20-0.30 


A 

4320 

0.17-0.22 

0.4.5— 0.6.5 

0.(H0 

0.040 

t).2t)-0.3.5 

1.6.5~2.6) 

0.40-0.60 

0.20-0.30 

4320 

A 

4337 

0.35-0.40 

0.()0-0.80 

0.040 

0.040 

0.2(M).3.5 

1.6.5-2.00 

O.titMl.SO 

0..3fVt).4t) 


E 

4337 

0.35-0.40 

O.tiO-O.SO 

0.025 

0.025 

0.20-t4.35 

1.6.")-2.O0 

0.70-0.90 

0.2.3-0.30 


A 

4340 

0.38-0.43 

0.60-0.80 

0.640 

0.040 

0.20-0.35 

1.65-2.00 

0.70-0.90 

0.20-0.30 

f X4340 
\ 4340 

E 

4342 

0.40-0.45 

0.60-0.80 

0.025 

0.025 

0.20-0.35 

1.6.5-2.00 

0.70-0.90 

0.23 0..30 


A 

4G08 

0.06-0.11 

0.40 max. 

0.610 

0.040 

0.25 max. 

l.-4t)-1.7.5 


0.1.5-0.25 


A 

4015 

0.13-0.18 

0.4.5-0.65 

0.040 

0.040 

0.26-0.3.5 

1.6.5-2.00 


0,20-0.30 

4t)15 

E 

4017 

0.1.5-0.20 

0.45-0.6.5 

0.025 

0.025 

t).2t)-t).35 

1.6.5-2.00 


0.2(M).27 


A 

4620 

0.17-0.22 

0.4.5-0.65 

0.640 

0.040 

0.20-0.35 

l.ti.->-2.(X) 


0.2(V0.3() 

4620 

E 

4620 

0.17-0.22 

0.4.‘>-0.6() 

0.025 

0.02.5 

0.2t)-0.35 

1.6.V2.00 


().2()-t).27 


A 

4621 

0.18-0.23 

0.70-0.00 

0.640 

0.040 

t).2t)-0..35 

l.t;.5-2.(XJ 


t).2t)-t)..30 


A 

4640 

0. .38-0. 43 

0.60-0.80 

0.640 

0.040 

t).2tM).35 

1. (>.5-2.00 


0.20-0..30 

4640 

E 

4640 

0.38-0.43 

0.60-0.80 

0.025 

().()25 

0.2(M).35 

l.t).V2.(H) 


0.2()-t).27 


A 

4645 

0.43-<5.48 

0.(iO-0.80 

0.640 

0.040 

0.2t)-t)..3.5 

l.t).-,-2.(H) 


0.2(M)..3() 


A 

4816 

0.1.3-0.18 

0.40-0,00 

0,640 

0.640 

0.2t>-t)..3.5 

.3.2.5-,3.7.5 


0.20-0. .30 

4815 

A 

4820 

0.18-0.23 

0.50-0.70 

0.640 

0.640 

0.2t)-0..3.5 

3.25^3.75 


0.20-0.30 

4820 

A 

5120 

0.17-0.22 

0.70-0.!t0 

0.040 

O.tMO 

0.2t4-0..35 


0.7t>-0.90 


5120 

A 

51.30 

0.28-(J.33 

0.70-0.00 

0.040 

O.tMO 

t).2tM)..3.5 


t).8t>-1.10 



A 

5140 

0..38-0.43 

0.70-0.00 

0.040 

O.tMO 

0.20-0.35 


0.7t)-().90 


5140 

A 

5145 

0.43-0.48 

0.70-0.00 

0.040 

O.tMO 

t).26-t)..35 


0.70-0.90 



A 

5150 

0.48-0. .55 

0.70-(J.00 

0.(H0 

t).(M0 

t).2t)-t).3.5 


0.7(M).90 


5150 

A 

5152 

0.4.5-0.55 

0.70-0.00 

0.040 

O.tMO 

0.2t>-t)..3.5 


0.90-1.20 



E 

52095 

0.9.5-1.10 

0.2.5-0.45 

0.025 

0.025 

t).2tM).3.5 


t). 4t) 0.60 



E 

.52098 

0.0.5-1.10 

0.2.5-0.45 

0.025 

0.t)2.5 

t).2tM)..35 


t).96-1.15 



E 

52 KX) 

0.9.5-1.10 

0.2.5-0.45 

0.02.5 

0.025 

t).2t)-0..35 


1.20-1.50 



E 

52101 

0.9.5-1.10 

0.25-0.45 

0.025 

0.t)2.5 

0.20-0.35 


1.30-1.60 



A 

6120 

0.17-0.22 

0.70-0.00 

0.(M0 

O.tMO 

t).2tM).35 


().7t) t).90 

0.10 min V 


A 

6145 

0.43-0.48 

0.70-0.00 

0.0-lU 

O.tMO 

t).2tM).35 


0.80-1.10 

0.15 min V 


S.A.E. 

6150 

0.48-0. .55 

0.r),5-4) 00 

0.(M0 

O.tMO 

t).2t>-0..3.5 


t).8t>-l.H) 

0.15 min V 

61.5t) 

E 

6151 

0.47-0. .5.3 

0.70-0.00 

0.025 

0.025 

0.20~t)..3.5 


0.8t)~l.H) 

0,15 min V 


A 

6152 

0.48-0.55 

0.70-0.00 

0.040 

O.tMO 

0.2t)-t).35 


0.80-1.10 

0,10 min V 


A 

9255 

0.50-0.60 

0.70-0.05 

0.040 

0.640 

l,8t^-2.20 





A 

9260 

0. .5.5-0. 6.5 

0.7.5-1.00 

0.640 

O.tMO 

1.8t)-2.20 





A 

9262 

0.5.5-0.65 

0.7.">-l.(K) 

0.040 

O.tMO 

1.80-2.20 


0.20-0.40 




* Lowest standard maximum phosphorus or sulfur content for acid^ open-hearth or acid electric 
furnace alloy steel is 0.05' « each; silicon is 0.15% min. 

NOTE (a): Sulfur range: 0.035 to 0.050%. 


CODEI: A is basic open-hearth alloy steel. 

B is acid besserner carbon steel. 

C is basic open-heart fi carbon steel. 
P is acid open-hearth carbon steel 


E is electric furnace steel. 

Q is f(»rginK quality, or special require- 
ment finality. 

H is rerolling quality billets. 



ALLOY STEELS 
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Tabli: 22(a). {Conlinaed) 





Basic Oi 

•KN-HKAUTII AND AciD 

BKrt.SKMER 

Carbon Steels 


A.I.S.I. 

No. 

Semi- 

finish 

Bars 

Wire 

Hods 

C 

Mil 

P 

(b) 

S 

(b) 

1942 

S.A.E. 

No. 

C 








t).0() max 

0..3.3 max 

0.04 

0.05 


C 

loot)* 

Q, H 


v/ 

v' 

0.0, S max 

0.25-0.40 

0.04 

0.05 


C 

1(X)6* 

Q, R 


V 


0.10 max 

0.30-0..30 

0.04 

0.05 

1008 

CB 

1008 

— 


V 

v 

0.10 max 





C 

loot) 

Q 


— 

— 

0.07-0.12 

0.2.3-0.40 

0.04 

0.05 


C 

1010* 

Q, R 


v 

Y 

0.08-0.13 

0.30-0..30 

0.04 

0.05 

1010 

C 

1012 

Q 


V 

v/ 

0.10-0.1,3 

0.30-0..30 

0.04 

0.05 


CB 

1012 



V 

— 

0.1,3 max 





C 

ioi;i 

— 


— 

V 

O.ll-O.Ki 

0.00-0.90 

0.04 

0.05 


c: 

1014 

Q 


Y 

V 

0.1,3-0.18 

0.40-0.00 

0.04 

0.05 


C 

101 r>* 

Q, R 


V 

V 

0.1,3-0.18 

0.30-0..30 

0.04 

0.05 

101.3 

C 

1010 

Q 


V 

V 

0.13-0.18 

0.00-0.90 

0.04 

0.05 

fXlOl.) 

\ 1016 

CB 

1017 




v 



0.10-0.2.3 





C 

1017 

Q 


V 

V 

0.1.3-0.20 

0.40-0.00 

0.04 

0.05 


C 

1018 

Q 


v 

V 

0.1.3-0.20 

0.()0-0.90 

0.01 

0.05 


C 

1019 

Q 


v 

V 

0.1.3-0.20 

0.70-1.(40 

0.04 

0.05 


C 

1020* 

Q, R 


V 

V 

0.1.8-0.23 

0..30-O..30 

0.04 

0.05 

1020 

C 

1021 

Q 


Y 

V 

O.lS-0.23 

0.40-0.00 

0.01 

0.05 


C 

1022 

Q 


v/ 

Y 

0.1,8-0.23 

0.70-1.00 

0.t)4 

0.05 

fX1020 
\ 1022 

C 

1020 

Q 


n/ 

V 

0.20-0.2.3 

0..3(M)..30 

0.04 

0.05 


C 

1024 

— 


V 

— 

0.20-0.20 

1.3.3-1.(),3 

0.04 

0.05 

1024 

c 

102.)* 

Q. R 


V 

v/ 

0.22-0.2,8 

0.30-0.. 30 

0.04 

0.05 

1025 

c 

1020 

Q 


n/ 

Y 

0.22-0.28 

0.40-0.()0 

0.04 

0.05 


c 

1027 

— 


— 

v 

0 24- ().,30 

0.4(M).()0 

0.04 

0.05 


c 

1029 

Q 


V 

— 

0.2.3-0.31 

0.()0-0.90 

0.04 

0.05 


c 

1030 

Q 


v/ 

\/ 

0.28 -0.34 

().(•)()- 0.90 

0.04 

0.05 

1030 

c 

1031 

Q 


-- 

— 

0.2,8-0.34 

{J.40-0.00 

0.04 

0.05 


CB 

1032 

R 


V 

— 

0. 2.3-0. 10 





C 

1033 

Q 


V 

— 

0..30-0..31) 

0.00-0.90 

0.04 

0.05 


c 

1034 



— 

V 

0.32-0., 3,8 

0. .30-0. 70 

0.04 

0.05 


1) 

1034 

— 


— 


0..32-O..38 

0..30-0.7() 

0.0.3 

0.05 


c 

103.) 

Q 


V 

— 

0.32-0.38 

0.()0-0.90 

0.04 

0.05 

103.3 

c 

lt)3() 

— 


V 

— 

0.32-0. .39 

1.20-1. .30 

0.04 

0.05 

1036 

c 

1037 

C.r. 

strip 



0.. 32-0.. 38 

0.40-0.00 

0.04 

0.05 


c 

1038 

Q 


— 

>/ 

0.35-0.12 

0.(KM).90 

0.04 

0.05 


c 

10.39 

c.r. 

strip 



0.37-0.44 

0.10-0.00 

0.04 

0.05 


c 

1040 

Q 



V 

0.37-0.44 

0.()0-0.90 

0.04 

0.05 

1040 

c 

1041 






Y 

0..3(;-0.44 

1., 3.3-1. 0,3 

0.04 

0.05 


c 

1042 

Q 


V 

— 

0.40-0.47 

0.00-0.90 

0.04 

0.05 


c 

1043 

Q 


v/ 

— 

0.40-0.47 

0.70-l.(K) 

0.04 

0.05 


c 

1044 

— 


— 

v/ 

0.43-4)..30 

0..30-0.70 

0.04 

0.05 


c 

104,3 

Q 


V 

— 

0.1.3-0..30 

0.00-0.90 

0.04 

0.05 

1045 

c 

1046 

Q 


— 

— 

0.4.3-0.,30 

0.70-1.00 

0.04 

0.05 



NOTE 

1. When silicon 

is 8pecifie<l in standard basic open 

-hearth steels, 

silicon 

may be ordered 


only as 0.10% niaxinuini; 0.10 to 0.20% ; or 0.1.‘) to O.JJO^r. In the case of many grades of basic open- 
hearth steel, special practice is necessary in order to comply with a specification including silicon. 

' NOTE 2. Acid besserner steel is not furnishe<l with spetnHetl silicon content. 

* Compositions are given for forging quality; re-rolling quality differs slightly in analysis. 


CODE: A is basic open-hearth alloy steel. 

B is acid besserner carbon steel. 

C is basic open-hearth carbon steel. 
1) is acid open-hearth carbon steel. 


E is electric furnace steel. 

Q is forging quality, or special require- 
ment quality. 

H is rerolling quality billets. 
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Table 22(a). {Continued) 


Basic Open-hearth and Acid Bessemer Carbon Steels 


1942 


A.I.S.I. 

Semi- 


W'ire 



P 

S 

S.A.E. 

No. 

finish Bars 

Rods 

c 

Mn 

(b) 

(b) 

No. 

C 

1047 

C.r. strip 



0.43-0.50 

0.40-0.00 

0.04 

0.05 


C 

1049 

C.r. strip 



0.48-0.55 

0.40-0.00 

0.04 

0.05 


D 

1049 

— 

— 

V 

0.43-0.50 

0.50-0.70 

0.05 

0.05 


C 

1050 

Q 

V 

— 

0.48-0.55 

0.00-0.90 

0.04 

0.05 

1050 

C 

1051 





V 

0.45-0.50 

0.85-1.15 

0.04 

0.05 


C 

1052 

— 

V 

— 

0.47-0.55 

1.20-1.. 50 

0.04 

0.0.5 

1052 

C 

1054 

— 

— 

V 

0.50-0.()0 

0.50-0.70 

0.04 

0.0.5 


D 

10.54 

— 

— 

V 

0.50-0.(>0 

0..50-0.70 

0.05 

0.0.5 


C 

1055 

Q 


— 

0..’>0- 0.()0 

0.(>0-0.90 

0.04 

0.05 

10.55 

C 

1050 

C.r. strip 



0.50-0.(>0 

0.40-0.00 

0.04 

0.0.5 


C 

1057 

— 

— 

V 

0..30-0.01 

0.8,5- 1 . 1.5 

0.04 

0.05 


C 

1058 

C.r. strip 



0., 55— 0.05 

0.40-0. (>0 

0.04 

0.05 


C 

1059 

— 

— 

v 

0.5.5—0.05 

0. .50-0. 70 

0.04 

0.05 


D 

1059 

— 

— 

v 

0..5.5-0.G5 

0. .50-0. 70 

0.05 

0.05 


C 

1000 

— 

V 

V 

0.55-0.0.5 

0.00-0.90 

0.(M 

0.05 

1000 

C 

1001 






0. .54-0.05 

0.7.5-1.05 

0.04 

0.05 


C 

l(Hi2 

— , 

— 

v 

0.51-0.05 

0.8,5-1.15 

0.04 

0.05 


C 

1003 

— 

— 

— 

0..57-0.(i7 

0.00-0.85 

0.04 

0.0.5 


C 

1004 

— 


V 

0.()0-0.70 

0., 50-0. 70 

0.04 

0.05 


D 

1004 

— 

— 

V 

0.00-0.70 

0..50-0.70 

0.05 

0.05 


C 

1005 

Strip 



0.00-0.70 

0.00-0.90 

0.04 

0.05 


C 

loot) 

— 

V 

V 

0.00-0.71 

0.80-1.10 

0.04 

0.05 

/X1005 
\ 1000 

C 

1008 

— 

V 



0.05—0.75 

0..50 max 

0.04 

0.05 


C 

1009 

— 


V 

0.0.5-0.75 

0..50-0.70 

0.04 

0.05 


D 

1009 

— 

— 

V 

0.0.5-0.75 

0.40-0.00 

0.05 

0.05 


C 

1070 

— 

V 

— 

0.t).5-0.75 

0.70-1.00 

0.04 

0.05 

1070 

C 

1074 



V 

V 

0.70-0.80 

0..50-0.70 

O.tH 

0.05 


D 

1074 

— 

— 

V 

0.70-0.80 

0.40-0.()0 

0.05 

0.05 


C 

1075 

— 

— 

v/ 

0.70-0.80 

0.(i0-0.80 

0.04 

0.0.5 


C 

1070 

Q 

— 

— 

0.().5-0.S.5 

0.<)0-0.8.5 

0.04 

0.0.5 


C 

1078 


>/ 


0.72-0.85 

0..30-0..50 

0.04 

0.05 


D 

1078 

— 

— 

v/ 

0.70-0.85 

0. .30-0. .50 

0.0.5 

0.05 


C 

1080 



v/ 

— 

0.7.5-0..S8 

o.ot^o.oo 

0.04 

0.05 

1080 

D 

1083 

— 

— 

V 

0.80-0.95 

0., 30-0. .50 

0.05 

0.05 


C 

1084 

Q 

— 

— 

0.80-0.9.3 

0.t>0-0.90 

0.04 

0.05 


C 

1085 

Q 

V 

— 

0.80-0.93 

0.70-1.10 

0.0-4 

0.05 

1085 

C 

1080 


V 

v/ 

0.82-0.95 

0..30-0..50 

0.04 

0.05 


C 

1090 

Q 


— 

0.8,5-1.00 

0.00-0.90 

0.04 

0.05 


C 

1095 



v/ 

V 

0.90-1.05 

0.30-0..50 

0.04 

0.05 

1095 

D 

1095 

— 

— 

v 

0.90-1.05 

0.30-0.. 50 

0.05 

0.05 


B 

1000 

— 

— 

v 

0.08 max 

0.45 max 

0.11 max 

O.Ot) max 


B 

1008 

R 

v/ 

— 

0.10 max 

0..30-0..50 

0.1 1 max 

0.00 max 


B 

1011 

— 

V 

v/ 

0.13 max 

0..50-0.70 

0.11 max 

0.00 max 



NOTE 1. When silicon is specified in standard basic open-hearth steels, silicon may be ordered 
only as 0.10% maximum; 0.10 to 0.20^c; or 0.1, 5 to 0.30%. In the case of many urades of basic open- 
hearth steel, special practice is necessary in order to comply with a specification including silicon. 
NOTE 2. Acid bessemer steel is not furnished with specified silicon content. 


CODE: A is basic open-hearth alloy steel. 

B is acid bessenier carbon steel. 

C is basic open-hearth cartK)n steel. 
D is acid open-hearth carbon steel. 


E is electric furnace steel. 

Q is forging quality, or special require- 
ment quality. 

R is rerolling quality billets. 
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Table 22(a). {Continued) 


SULFURIZED OR PIJO8PHORIZED CaRBON StEELS 


A.I.S.I. 

No. 

Semi- 

finish 

Bars 

Wire 

Rods 

C 

B 1106 



— 

V 

0.09 max 

C 1108 

— 

— 

v 

0.08-0.13 

C 1109 

Q 

V 

v 

().08-<J.13 

B 1110 

— 

V 

V 

0.13 max 

C 1110 

— 

V 

V 

0.08-0.13 

B 1111 



V 

V 

0.08-0.13 

c nil 

_ 

— 

V'' 

0.08-0.13 

B 1112 

— 

v 

v/ 

0.08-0.13 

C 1112 


V 

— 

0.10-0.16 

B 1113 

— 

V 


0.08-0.13 

r 1113 

Q 

V 

— 

O.lO-O.Ki 

C 1114 

R 

— 

— 

0.12-0.18 

C 1115 

Q 

V 


0.13-0.18 

C 1116 

Q 

v 


0.13-0.18 

C 1117 

— 

V 

V 

0.14 -0.20 

C 1118 

Q 

v 

v/ 

0.14-0.20 

C 1119 

— 

— 

V 

0.14-0.20 

C 1120* 

Q, R 

V 

V 

0.18-0.23 

C 1121 

Q 

V 

V 

0.18-0.23 

C 1122 

Q 

V 

V 

0.17-0.23 

C 1132 

Q 

V 

V 

0.27-0.34 

C 1137 

Q 

V 


0.32-0.39 

C 1140t 

Q 

V 

— 

0.37-0.44 

C 1141 



V 

— 

0.37-0.45 

C 1144 

— 

V 

— 

0.40-0.48 

C 1145t 

Q 

V 

— 

0.42-0.49 

C 1205 

Q 

— 

v/ 

0.08 max 

C 1206 

R 

— 

\/ 

0.08 max 

C 1209 

R 

— 

v/ 

0.08-0.13 

C 1210 

Q 

— 

V 

0.08-0.13 

C 1211 

- 

— 

n/ 

0.08-0.13 

C 1217 

— 

v/ 

— 

0.14-0.19 


Mn 

P 

(b) 

S 

(b) 

1942 

S.A.E. 

No. 

0.50 max 

0.11 max 

0.04-0.09 


0.50-0.70 

0.045 max 

0.07-0.12 


0.(i0-0.90 

0.045 max 

0.08-0.13 


0.60 mux 

0.11 max 

0.04V0.075 


0.60-0.90 

0.045 max 

0.10-0. 1.5a 


0.60-0.90 

0.09-0.13 

0.10-0.15 

nil 

0.60-0.90 

0.045 max 

0.16-0.23 


0.60-0.90 

0.0‘)-0.13 

0.16-0.23 

1112 

1.00-1.30 

0.045 max 

0.08-0.13 


0.60-0.90 

0.09-0.13 

0.24-0.33 

1113 

1.00-1.30 

0.045 max 

0.24-0.33 


().4.'i-0.05 

0.045 max 

0.075-0.15 


0.70-1.00 

0.045 max 

0.1(V0.15 

1115 

0.70- l.(K) 

0.045 max 

0.10-0.15 


1.00-1.30 

0.045 max 

0.08-0.13 

1117 

1. 30-1. (K) 

0.045 max 

0.08-0.13 

1118 

1.35-1.65 

0.045 max 

0.16-0.23 


0.60-0.90 

0.045 max 

0.08-0.13 


0.70-1.00 

0.045 max 

0.08-0.13 


1.3,5-1.65 

0.045 max 

0.08-0.13 


1., 35-1.65 

0.045 max 

0.08-0.13 

1132 

1., 3, VI. 65 

0.045 max 

0.08-0.13 

1137 

0.60-0.90 

0.045 max 

0.04-0.07 


1.35-1.65 

0.045 max 

0.08-0.13 

1141 

1.3 VI. 65 

0.045 max 

0.24-0.33 


0.70-1.00 

0.045 max 

0.04-0.07 

1145 

0.25-0.40 

0.04-0.07 

0.05 max 


0.2,5-0.40 

0.04-0.07 

0.05 max 


0.30-0.50 

0.05-0.10 

0.05 max 


0.30-0.50 

O.OVO.IO 

0.05 max 


0.60-0.90 

0.09-0.13 

0.10-0.15 


0.70-l.(K) 

0.09-0.13 

0.20-0.29 



(b): Phosphorus and sulfur are maximum for basic open-hearih and acid bessemer steels; sulfur- 
ized or phosphorized steels are not subject to check analysis for S or P. 

NOTES; Acid bessemer steels (B series) are not furnished with sp>ecified silicon content. 

♦ Compositions given are for forging quality; rerolling quality differs slightly in analysis. 

X Standard steels C 1140 and C 1145 may be ordered with silicon content either as 0.10^ max, 0.10 
to 0.20%, or 0.15 to 0.30%. 


CODE: A is basic open-hearth alloy steel. 

B is acid bessemer carbon steel. 

C is basic open-hearth carbon steel. 
D is acid open-heart h carbon steel. 


K is electric furnace steel. 

Q is forging quality, or special require- 
ment quality. 

R is rerolling quality billets. 
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Table 22(a). { Continued ) 
National Emergency Alloy Steels 
Revised August 15, 1943 


Open-hearth Alloy and Electric Furnace Allot Steels 
(Blooms, Billets, Slabs, Bars and Hot Rolled Strip) 


Desig- P S 

nation C Mn Max Max Si 

(a) (a) 


Hardena- 
bility {h) 

Ni Cr Mo — 

Low High 
Side Side 


Carbon-Manganese Steels 


NE 1330 

0.2.8-0.33 

1.60-1.90 

0.010 

0.040 

0.20 0.35 

(c) 

(d) 


[e) 

1.42 

3.72 

NE 1335 

0.3.3-0.38 

1.60-1.90 

0.040 

0.040 

0.20 0.35 

(c) 

(d) 


e) 

1.57 

4.00 

NE 1340 

0.38-0.43 

1.60-1.90 

0.040 

0.040 

0.200.35 

(c) 

id) 


e) 

1.08 

4.22 

NE 1345 

0.43-0.48 

!.()()- 1.90 

0.040 

0.040 

0.20-0. .35 

(c) 

(d) 


e) 

1.78 

4.49 

NE 13.50 

0.48-0.53 

1.60-1.90 

0.040 

0.040 

0.20-0.35 

(C) 

(d) 


e) 

1.89 

4.71 




Carbon-Chromium Steels 






NE .52100C 0.9.5-1.10 

0.2.V0.45 

0.02.5t 0.02.5t 

0.20-0.35 

0.3,5 max 

0.40-0.60 

0.08 max 

1.20 

4.4.3 

NE ,52100R 0.9,5-1.10 

0.2.V0.45 

0.02.5t 0.02.5t 0.20-0.3.5 

0.35 max 

0.90-1.15 

0.08 max 

1..53 

6.70* 

NE 52100A 0.9.5-1.10 

0.2,5-0.45 

0.02.5t 0.02.5t 0.20-0.35 

0.35 max 

1.30-1.00 

0.08 max 

1.72 

* 



Nickel-Chromium-Molybdenum Steels 





NE 8613 

0.12-0.17 

0.70-0.90 

0.010 

0.040 

0.2t)-0.35 

0.10-0 70 

0.40-0.6)0 

0.1.5-0.25 

1.22 

4.45 

NE 8615 

0.13-0.18 

0.70-0.90 

0.010 

0.040 

0.20-0.35 

0.400.70 

0.40-0.6)0 

0.1.- 

-0.25 

1.30 

4.61 

NE 8617 

0.15-0.20 

0.70-0.90 0.040 

0.040 

0.20-0.35 

0.40-0.70 

0.40-0.6)0 

o.i: 

-0.25 

1..39 

4.82 

NE 8620 

0.18-0.23 

0.70-0.90 0.040 

0.040 

().20-0..35 

0.40-0.70 0.40-0.()0 

0.1.5-0.25 

1..53 

.5.15 

NE 8630 

0.28-0.33 

0.70-0.90 0.040 

0.010 

0.20-0.35 

0.40-0.70 0.40-0.(>0 

0.1. VO. 2.5 

1.99 

6.18 

NE 8635 

0.33-0.38 

0.7:>-l.(.K) 

0.040 

0.010 

0.20-0.35 

0.40-0.70 

0.40-0.6)0 

0.1. ■ 

)-0.2.5 

2.32 

6.6,6 

NE 86.37 

0..35-0.40 

0.75-1.00 0.040 

0.040 

0.20-0.35 

0.40-0.70 0.40-0.tX) 

0.1. 

)-0.2.5 

2.40 

(5.83 

NE 8640 

0..38-0.4,3 

0.7.5-1.00 0.040 

0.040 

0.20-0.3.5 

0.40-0.70 

0.40-0.6)0 

0.1. 

)- 0.2.5 

2.49 

7.04 

NE 8642 

0.40 0,45 

0,75-1,00 0.040 

0.040 

0.20-0.3.5 

0.40' 0.70 

0.40-0. 6)0 

0.1. VO. 25 

2..56 

7.21 

NE 864.5 

0.4,3-0.48 

0.75-1.00 0.040 

0.040 

0.20 0.,3.5 

0.40-0.70 0.40-0.(»0 

0.1.5-0.25 

2.64 

7.48 

NE 86.50 

0.48 0..53 

0.75-1.00 

0.010 

0.040 

0.20-0.35 

0.40-0.70 

0.40-0.6)0 

0.1.5-0.25 

2.79 

7.86, 

NE 8720 

0.18-0.23 

0.70-0.90 

0.040 

0.040 

0.20-0.35 

0.40-0.70 

0.40-0.6)0 

0.2(V0.30 

1.09 

5.62 


Silicon-Manganese and Silicon-Manganese-Chronnum Steels 




NE 92,55 

0..50-0.60 

0.70-0.95 

0.040 

0.040 

l.SO-2.20 

(r) 

(d) 


(«) 

1.51 

,3.73 

NE 9260 

0..5.5-0.65 0.75-1.00 0.040 

0.040 

1.80-2.20 

(c) 

(d) 


(c) 

1.64 

4.07 

NE 9261 

0..5.5-0.65 

0.7,5-l.(X) 

0.040 

0.040 

1.80-2.20 

(c) 

0.10-0.25 


(e) 

1.78 

.5.27 

NE 9262 

0.5.5-0.65 

0.7.5-1.00 

0.010 

0.040 

1.80-2.20 

(r) 

0.25-0.40 

(e) 

2.30 

6.01 


Manganese-vSilicon-Chroniium-Nickel-Molybdenurn Steels 




NE 9415 

0.1.3-0.18 

0.80- 1.10 

0.040 

0.040 

0.20-0.. 3.5 

o..30-o.(;o 

0.30 0..50 

0.08-0.15 

1.11 

2..58 

NE 9420 

0 18-0.23 0.80-1.10 

0.040 

0.040 

0.20-0.3.5 

0.30 0.6)0 

0.30 0..50 

0.08 0.15 

1.29 

2.90 

NE 9422 

0.20 4). 25 

0.80-1.10 

0.040 

0.010 

0.20-0.35 

0.30- 0.60 

0..30~0..50 

0.08-0.15 

1..38 

3.0t) 

NE 9425 

0.2.3-0.28 0.80-1.10 

0.040 

0.040 

0.20-0.35 

0..30 0.60 

0..30-0..50 0.08 -0.15 

1.46, 

3.48 

NE 9430 

0.28-0.33 

0.90-1.20 

0.040 

0.040 

0.20-0.3.5 

0..30-0.60 

0.30-0.. 50 

0.08-0.1.5 

1.83 

3.70 

NE 9435 

0.33-0.38 0.90-1.20 

0.010 

0.040 

0.20-0. .35 

0.30-0. «K) 

0..30-0..50 

0.08-0.15 

2.03 

4.fX) 

NE 94.37 

0.3,5-0.40 0.90-1.20 

0.040 

0.040 

0.20 0.35 

0.30 -0.00 

0.30-0..5() 0.08 0.1.5 

2.10 

4.08 

NE 9440 

0.38-0.43 

0.90-1.20 

0.040 

0.040 

0.20-0.35 

0.30-0.00 

0.30-0.50 0.08-0.15 

2.18 

4.20 

NE 9442 

0.40 0.45 

1.00-1.30 

0,040 

0.040 

0.20 0..3,5 

0.,30-0.(‘)0 

0..30-0..')0 0.08-0.15 

2.4.3 

4.. 57 

NE 9445 

0.43-0.48 

1.00-1. .30 

O.fHO 

0.(H0 

0.200.,35 

0..30-0.60 

0.. 30-0.. 50 

0.08-0.15 

2.50 

4.75 

NE 94.50 

0.48-0., 53 

1.20-1.50 

O.tMO 

0.040 

0.20-0.35 

0..30-0.00 

0..30-0..50 

0.08-0,15 

3.06 

.5.6,0 

NE 9.5371 

0.3.5-0.40 

1.20-1..50 

0.040 

0.040 

0.40-0.60 

0.40-0.70 

0.40-0.60 0.1.5-0.25 

3.88 

11.40 

NE 95401 

0..38-0.43 

1.20-1. .50 

0.040 

0.040 

0.40-0.60 

0.40-0.70 

0.40-0.60 0.1.5-0.25 

4.02 

11.7.5 

NE 95421 

0.40-0.45 

1.20-1. .50 

0.040 

0.040 

0.40-0.60 

0.40-0.70 

0.40-0.6)0 0.1.5-0.25 

4.13 

12.01 

NE 9.54,51 

: 0.4.3-0.48 

1.20-1.. 50 

0.040 

0.040 

0.40-0.60 

0.40-0.70 

0.40-0.60 0.1.5-0.25 

4.27 

12.40 

NE 95.501 

0.48-0.53 

1.20-1. .50 

0.040 

0.040 

0.4f>-0.60 

0.40-0.70 

0.40-0.60 0.1.5-0.25 

4.. 50 

13.10 


* Doubtful, from unknown effect of undissolved carbides. 

t These limits are for electric furnace grades; if basic open-hearth the sulfur and phosphorus may 
be 0.04% max each. 

t For large sections only. 

(a) For basic open-hearth steel. The lowest standard maximum phosphorus or sulfur in acid open- 
hearth or electric alloy steel is 0.05% each. Not used in computing hardenability. 

(5) Not part of the specification. Computed bv Grossmann’s methods. 

(c) Supposedly none. Hardenability computations assume 0.10-0.25. 

(d) Ditto. Assumed 0.0.5-0,10. 

(c) Ditto. Assumed 0.00-0.08. 



ALLOY STEELS 


179 


Table 22(6). Stainless Steel Standard Type Numbers and Corresponding 

Composition Ranges* 


Type 

Numljer 

Chromium 

Nickel 

Carbon 

Other Elements 


% 

% 

% 

% 


301 

16.00-18.00 

7.00-9.00 

0.09-0.20 

Manganese 1.25 max 


t302 

18.00-20.00 

8.00-10.00 

Over 0.08-0.20 

Manganese 1.25 max 


t302B 

18.00-20.00 

8.00-10.00 

Over 0.08 

Silicon 2.00-3.00; manganese 





1.25 max 


t303 

18.00-20.00 

8.00-10.00 

0.20 max 

Sulfur or selenium 0.07 

min.; 





molybdenum 0.60 max 

304 

18.00-20.00 

8.00-10.00 

0.08 max 

Manganese 2.00 max 


308 

19.00-22.00 

10.00-12.00 

0.08 max 

Manganese 2.00 max 


309 

22.00-26.00 

12.00-14.00 

0.20 max 



309S 

22.00-26.00 

12.00-14.00 

0.08 max 



310 

24.00-26.00 

19.00-21.00 

0.25 max 



311 

19.00-21.00 

24.00-26.00 

0.25 max 



312 

27.00-31.00 

8.00-10.00 

0.25 max 



315 

17.00-19.00 

7.00-9.50 

0.15 max 

(Copper 1.00-1.50 
\Molybdenum 1.00-1.50 


316 

16.00-18.00 

14.00 max 

0.10 max 

Molybdenum 2.00-3.00 


317 

18.00-20.00 

14.00 max 

0.10 max 

Molybdenum 3.00-4.00 


321 

17.00-20.00 

7.00-10.00 

0.10 max 

Titanium 4X carbon min 


325 

7.00-10.00 

19.00-23.00 

0.25 max 

Copper 1.00-1.60 


327 

25.00-30.00 

3.00-5.00 

0.25 max 



329 

25.00-30.00 

3.00-5.00 

0.10 max 

Molybdenum 1.00-1.60 


330 

14.00-16.00 

33.00-36.00 

0.25 max 



347 

17.00-20.00 

8.00-12.00 

0.10 max 

Columbium 10 X carbon 


349 

17.00-18.50 

10.00-11.00 

0.08 max 

Colli mbium lOX carbon 


403 

11.50-13.00 


0.15 m.ax 



405 

11.50-13.50 


0.08 max 

Aluminum 0.10-0.20 


406 

12.00-14.00 


0.15 max 

Aluminum 4.00-4.50 


410 

10.00-13.50 


i 0.15 max 



414 

10.00-13.50 

2.00 max 

0.15 max 



416 

12.00-14.00 


0.15 max 

Sulfur or selenium 0.07 

min; 





molybdenum 0.60 max 


418 

12.00-14.00 


0.15 max 

Tungsten 2.50-3.50 


420 

12.00-14.00 


Over 0.15 



420F 

12.00-14.00 


Over 0.15 

Sulfur or selenium 0.07 

min; 





molybdenum 0.60 max 


430 

14.00-18.00 


0.12 max 



430F 

14.0a 18.00 


0.12 max 

Sulfur or selenium 0.07 

min; 





molybdenum 0.60 max 


431 

14.00-18.00 

2.00 max 

0.15 max 



434A 

14.00-18.00 


0.12 max 

(Silicon 1.00 
(Copper 1.00 


438 

16.00-18.00 


0.12 max 

Tungsten 2.50-3.60 


439 

8.00 


0.50-0.65 

Tungsten 8.00 


440 

14.00-18.00 


Over 0.12 



441 

14.00-18.00 

2.00 max 

Over 0.15 



442 

18.00-23.00 


0.35 max 



446 

23.00-30.00 


0.35 max 



501 

4.00-6.00 


Over 0.10 



602 

4.00-6.00 


0.10 max 




* Courteey of A.I.S.I. From Steel Products Manual, January, 1941. 

t No specifio composition limits within the above ranges may be placed on types 301, 302, 302B, and 
303, except that carbon may be specified to a four-point range within the above limits. 



Table 22(c). Corrosion- and Heat-Resisting Steels’ 
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Arrangemest by M. Palmer. Adapted from The Book of Stainless Steels, 2nd ed. 
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High Carbon, High Chromium Punch and Die Steels 
(Durable rolls, mandrels, punches, dies and shears for cold work) 

(High wear resistance; low toughness; low warpage; high hot hardness; deep hardening, difficultly machinable) 
Chromium Vanadium Molybdenum Cobalt Nickd Remarks 
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Cobalt High Spe^d Steel 

17.00-19.00 3.50-4.50 0.75-1.25 3.50-5.00 For cutting hard, gritty, or tough materials. 

17.00- 19.00 3.50-4.50 1.50-2.25 0.50-1.00 6.00-9.00 Cutting ability varies as total alloy content. 

18.00- 21.00 3.50-4.50 1.75-2.25 0.50-1.00 10.00-13.00 Maidmum alloy to be forgeable. 

12.00- 15.00 3.50-4.50 1.75-2.25 5.00-8.00 Good serdce on special jobs. 
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Table 22(/). {Continued) 

Recommended Compositions, Heat TreatmenU, and Hardnesses 
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Table 22{g). Physical Properties of Graphitic Steel* 
(Analysis; 1.51% C. 0,96% Si. 0.40% Mn, 0.015% P, 0.014% S) 
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♦ Metal Progress , 1937, Vol. 31, p. 412. 
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Table 22 { i ). Magnetic Properties of Various Alloys 
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♦ A.S.M. Metals Handbook, p. 495. 

t For B = 10,000 except aa noted. X For B =s 16,000. 



Table 22(A;). Commercial Types of Magnet Steels* 
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Table 22(m). Bolting Materials for Service at 750 1100 F* 
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5 Cr 

13 Cr (free mach.) 
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W-Cr-V 

Ni-Cr 

W-Mo-Cr 

Cr-Mo-V 

Si-Cr-Mo 

18:8 (free mach.) 
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0.50 max 
0.30 max 
0.50 max 
0.50 max 
0.30-0.60 
0.30 max 

Q 

i 

D 

0.15 max 

0.15 max 
0.15or 0.20t max 
0.15 max 

0.10 or 0.15tmax 
0.12 max 

0.15 max 

0.15 max 


SSSSS.=2 

P^PL4PL4C^(LP^P^P4 
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(a) Loss in mg on H X 2 in. rod after 300 40-min cycles between 1800 and 650® F. Fuel is a special kerosene with antiknock ^ditions, burned with 15 H Ih 
air per lb for oxidizing atmosphere and 12* 2 Ih reducing. Low results may be misleading. (6) Calingaert test. Relative loss after 6 min in molten 
compound, (c) After 250 cycles, (d) Probably very bad. (e) Complete if not nitrided: poor when nitrided. (/) Maximum temperature on heating 
cvcles: 1600®F. {(/) By mutual indentation. 
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Table 22 (p), Nickel-Iron Alloys* 
(Lohr and Hopkins) 



Inflectionf 

Temp., ®C 

Average Coefficient of 
Expansion to Inflection, 
Temp. X 10-« 

Mn 

Si 

Ni 

0.11 

0.02 

30.14 

155 

9.2 

0.15 

0.33 

35.65 

215 

1.54 

0.12 

0.07 

38.70 

340 

2.50 

0.24 

0.03 

41.88 

375 

4.85 



42.31 

380 

5.07 



43.01 

410 

5.71 



45.16 

425 

7.25 

0.35 


45.22 

425 

6.75 

0.24 

0.11 

46.00 

465 

7.61 



47.37 

465 

8.04 

0.09 

0.03 

48.10 

497 

8.79 

0.75 

0.00 

49.90 

500 

8.84 



50.00 

515 

9.18 

0.25 

0.20 

50.05 

527 

9.46 

0.01 

0.18 

51.70 

545 

9.61 

0.03 

0.16 

52.10 

550 

10.28 

0.35 

0.04 

52.25 

550 

10.09 

0.05 

0.03 

53.40 

580 

10.63 

0.12 

0.07 

55.20 

590 

11.36 

0.25 

0.05 

57.81 


12.24 

0.22 

0.07 

60.60 


12.78 

0.18 

0.04 

64.87 


13.62 

0.00 

0.05 

67.98 


14.37 


♦ A.S.M. Metals Handbook, 1939, p. 469. 

t Note that in alloys with higher than 55% nickel, the inflection temperature is not in evidence. 
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Table 22{q). 

Tensile Results 

Authority 

Material 

Treatment, 

°F 

Test 

Temp., 

OF 





Colbeck 

MacGUlivary 

Manning 

Armco C 0.036% 

As reo'd 

Room 

- 4 

- 68 
- 94 
-148 
-184 
-292 

Hadfield 

Swedish charcoal 
iron 

C 0.03%. Mn 0.04% 

As forged 

Room 

-296 

-423 

Colbeck, 

etc. 

C 0.13% 

As reo’d 

Room 
- 85 
-292 

Hadfield 

Carbon steel 

C 0.14%, Mn 0.07% 

Annealed 

1472 

Room 

-296 

-423 

Sanda 

C 0.21% 

As rec’d 

Room 

-114 

Bull 

Rolled bar 

C 0.21%. Mn 0.60% 


Room 

-114 

Bull 

Carbon casting 

C 0.21%, Mn 0.70% 


Room 

-114 

BuU 

Carbon forging 

C 0.26%, Mn 0.46% 


Room 

-114 

Kinzel 

Krafts 

Egan 

B.A.E. 1035 

Normalized 

-f- 25 

- 25 

- 60 
-190 

Hadfield 

Carbon steel 

C 0.37%, Mn 0.20% 

Annealed 

1472 

Room 

-296 

-423 

Strauss 

C 0.40% 

Annealed 

Room 
Liq. air 

Strauss 

C 0.40% 

Treated 

Room 
Liq. air 

BuU 

Carbon forging 

C 0.40%, Mn 0.62% 


Room 

-114 

Hadfield 

Carbon steel 

C 0.78%, Mn 0.10% 

Annealed 

1472 

Room 

-296 

-423 
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ON Steels at Low Temperatures* 


Tensile 

Yield 


Red. 


Strength, 

Point, 

Elong., 

Area, 


psi 

psi 

% in 2 in. 

% 

Brinell 

SUp.pIr 

45,700 


27.9 

73.2 


53,750 

30,700 

42.0 

75.0 


59,400 

42,200 

43.0 

74.0 


61,700 

43,400 

37.6 

72.0 


66,800 

57,200 

27.5 

70.0 


77,000 

66,700 

17.0 

68.0 


112,000 


Nil 

Nil 


52,500 

41,700 

25 

81.0 

104 

116,500 


Nil 


230 

117,000 

117,000 

Nil 

Nil 

232 

66,300 

54,700 

29.7 

71.8 


80,700 

67,700 

33.6 

70.3 


121,300 


26.5 

65.0 


45,700 

42,700 

27.5 

77.6 

114 

137,000 


7.5 


281 

155,000 

155,000 

0.3 

2.6 

326 

62,000 

39,800 

36.5 

63.0 


69,000 

47,780 

35.6 

66.8 


62,600 

39,800 

35.5 

63.0 


68,995 

47,780 

35.5 

56.8 


71,840 

32,195 

34.8 

55.3 


77,585 

39,540 

33.3 

52.5 


57,300 

38,940 

34.0 

54.7 


72,840 

50,325 

36.0 

53.2 


85,000 

60,000 

29.0 

62.0 


95,000 

60,000 

27.0 

48.0 


102,000 

76,000 

30.0 

48.0 


144,000 

143,000 

5.0 

6.0 


76,200 


20.0 

63.0 

167 

148,000 


17.0 

39.0 

294 

151,000 

151,000 

Nil 

Nil 

316 

79,400 

45,800 

30.8 

49.0 


139,400 

114,100 

7.3 

7.1 


104,400 

76,900 

26.0 

61.3 


160,400 

150,200 

9.8 

9.4 


77,440 

44,670 

29.0 

46.3 


83,310 

47,075 

30.8 

44.9 


99,000 

96,000 

12.0 

36.0 

194 

154,700 


Nil 


325 

123,000 

123,000 

0.2 

Nil 

244 


•A.S.M. MttaU Handbook, 1039. pp. 87 and 88. 



200 


IRON AND STEEL 


Table 22(9). 


Authority 

Material 

Treatment 

“F 

Test 

Temp., 

op 




A 

Hurtgen 

C 0.53% 

Cr 0.97% 

Mo 0.22% 

1500 oil 

1120 tempered 

-hlOO 

0 

-100 

Colbeck, 

etc. 

C 0.33% 

Cr 0.67% 

Ni 2.45% 

Mo 0.64% 

1560 oil 

1185 tempered 

Room 
- 6 

- 76 

- 90 
-141 
-292 

Hadfield 

C 0.35% 

Cr 0.71% 

Ni 3.34% 

Oil quench, 

1200 tempered 

Room 

-423 

Strauss 

Ni 3% 

Annealed 

Treated 

Room 
Liq. air 

Room 
Liq. air 

Strauss 

Cr 14% 

Treated 

Room 
Liq. air 

Strauss 

Cr 16% 

Annealed 

Room 
Liq. air 

Strauss 

Cr 20% 

Treated 

Room 
Liq. air 

Nickel Steel 

Topics 

C 1.27% 

Mn 12.69% 


Room 

-296 

-423 

Hadfield 

Cr 18% 

Ni 8% 


Room 

-423 

Russell 

Cr 8% 

Ni 21% 

Annealed 

Room 
Liq. air 

Colbeck, 

etc. 

C 0.11% 

Ni 10.5 % 

Cr 15.6 % 

Water 

quenched 

2010 

-292 

Colbeck, 

etc. 

C 0.06%, Cr 13.45% 

Ni 10.05%, Mn4.07% 

As above 

Room 

-292 

Hadfield 

C 0.41% 

Ni 20.0 % 


Liq. air 

Nickel Steel 
Topics 

C 0.56% 

Ni 24.6 % 


Room 

-112 

Russell 

Ni 26% 

Annealed 

Room 
Liq. air 

Russell 

C 0.66% 

Ni 24.6 % 

Mn 1.18% 


64 

-112 
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{Continued) 


Tensile 

Yield 


Red. 

Strength, 

Point, 

Elong., 

Area, 

psi 

psi 

% in 2 in. 

% 


135,000 

90,000 

21.0 

62 

138,000 

97,500 

21.5 

59 

150,000 

107,500 

22.0 

55 

152,000 

137,700 

14.0 

65.0 

154,500 

141,000 

15.6 

64.0 

164,000 

143,300 

14.0 

63.0 

163,000 

145,500 

15.6 

62.0 

170,000 

149,000 

16.4 

61.0 

201,500 

183,500 

17.0 

63.0 

146,000 

133,000 

13.5 

59.5 

243,000 

243,000 

4.5 

48.5 

79,400 

57,000 

31.5 

57.2 

116,600 

111,000 

6.8 

6.7 

98,800 

76,400 

27.3 

65.9 

148,700 

132,900 

15.5 

17.6 

225,800 

212,200 

9.8 

37.3 

259,700 

210,800 

2.8 

3.5 

75,100 

42,800 

34.0 

70.8 

145,700 

123,200 

14.0 

14.3 

91,900 

51,900 

24.0 

59.3 

99,200 

99,200 

0.0 

0.0 

148,000 

77,300 

44.5 

39.0 

137,000 


2.5 


146,000 

146,000 

Nil 

Nil 

117,000 


56.0 

54.0 

268,000 


25.0 

31.0 

107,600 

48,300 

44.3 

60.1 

180,200 

102,800 

25.3 

21.5 

232,000 

77,000 

30.5 

46.0 

80,400 

38,500 

59.5 

76.6 

197,500 

89,500 

47.0 

60.0 

353,000 


15.0 


120,500 


20.4 


160,000 


14.1 


99,800 

52,900 

38.3 

62.1 

205,000 

157,800 

11.5 

9.7 

120,500 

71,200 

20.4 

67.4 

160,000 

105,000 

14.1 

64.0 
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CARBURIZING AND CASE HARDENING 

Carburizing was known many centuries ago as cementation. Wrought 
iron was packed in charcoal, heated to about 1700-1800°F for carbon 
absorption and blister steel of high carbon was obtained. 

Today it is the practice to carburize low carbon and alloy steels, 
primarily for high surface hardness and resistance to abrasion. A case 
of high carbon content varying in thickness from a few thousandths to 
about 0.030 in. is produced which is later hardened and tempered. Heavy 
sections may be carburized to a case depth of 0.060 in. and even higher. 

Case hardening is the combined process of carburizing an iron-base 
alloy so the carbon content of its outside portion or case is increased; 
this is followed by quenching and tempering so its case is hardened 
while its core is relatively soft and tough. In recent years, however, case 
hardening has been extended to include cyaniding and nitriding. 

Carburizing Methods 

There are three commercial methods for carburizing: (1) pack car- 
burizing, (2) gas carburizing, and (3) liquid carburizing. The proper 
choice of a particular method for certain work depends on many economic 
factors such as design of part, type and depth of case, permissible dis- 
tortion, production volume, initial investment, and operating costs. 

Pack Carburizing. The pack carburizing or pack hardening method 
is the oldest and is most extensively employed in smaller shops. The 
method is frequently called box carburizing. The parts are packed in 
one of many commercial carburizing compounds composed of hardwood 
charcoal 40-65%, barium carbonate 5-16%, calcium carbonate 2-7%, 
sodium carbonate 3-12%, moisture 3-5%, and coke about 20%. 
Another type is composed of charred bone 70-80%, hardwood charcoal 
10-15%, carbonates 3-15%. The carbonates are called energizers and 
should be above about 8%. The container boxes or pots are usually of 
iron-nickel-chromium heat-resisting alloys and the parts are surrounded 
with carburizing compound of a fineness about pea size. A cover is 
luted on with fireclay, common salt, water, asbestos fiber, etc., and the 
pots charged to batch type or continuous furnaces. The boxes are 
usually heated to about 1700®F and held at temperature for sufficient 
time to produce the proper depth of case. Case depth is usually meas- 
ured in inches from the outside of the part through the diffusion zone to 
the first location having the original carbon content of the core, about 
0.15-0.20% carbon. 

The higher the carburizing temperature the greater the depth of case, 
because of increased diffusion, and the higher will be its carbon content 
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because of increased solubility. At 1700°F the carbon content of the 
austenite will be about 1.20% on the extreme outside of case and will 
gradually diffuse from this hypereviectoid zone to the eutectoid zone and 



Case Depth, In. 

Courtesy A.S.M. Handbook 

Fig. 99, Carbon gradient curves for S.A.E. steel 3115. Carburized at 1700®F 
in hardwood charcoal, coke, sodium carbonate compound. 

then into the hypoeutectoid zone and the original carbon content of the 
core. 

Fig. 99 shows the relation between carbon content, case depth, and 
time of carburizing for S.A.E. 3115. 

Mechanism of Carburizing. In reality box carburizing is gas carbur- 
izing because the mechanism is governed by the following chemical 
reactions and carbon monoxide is the active carburizing agent. 

2CO ^ CO2 + C (energizer from CO2) [1] 

C + tFc — > 7 solid solution (austenite) [2] 

Several hours of carburizing with charcoal alone at 1700°F will produce 
almost no case if the box is evacuated to about 5 mm of mercury, indi- 
cating the necessity for the presence of oxygen in the carburizing reaction. 

Box carburizing is usually considered the most fool-proof method and 
the safest without trained supervision. The solid carburizing com- 
pound gives good support for pieces tending to warp. Disadvantages 
are in the long time of carburizing because of low heat transfer through 
the compound, high labor cost for packing and unpacking, and the 
presence of much dust. If one wishes to harden directly from the 
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carburizing heat there is more difficulty than with other carburizing 
processes. 

A modified pack method uses a rotary retort. When parts can with- 
stand rough treatment by slow tumbling, the carburizing is faster for a 
given depth of case and the method is the most economical because of low 
labor cost and bulk handling. 

Gas Carburizing. This process is used mostly where a large volume 
of work is to be handled by skilled operators. The first cost is high and 
the controls are complicated but the process is extremely flexible in 
regard to temperature, case depth, carbon content of the outer case, 
and carbon gradient. Case depths between 0.005 and 0.035 in. are 
easily and accurately controlled in large production. 

The gases used are classified as follows : 


Carburizing Gases 


Decarhurizing Gases Neutral Gases 


Carbon monoxide, CO 
Methane, CH4 
Ethane, C2H6 

Propane, CaHg 
Butane, C4H10 


Carbon dioxide, CO2 Nitrogen, N2 

Water vapor, H2O 
(Oxygen reacts to form 
above gases in retort.) 

Hydrogen* 


♦ Small amounts of methane will neutralize the decarhurizing tendency of hydrogen. 


Carbon monoxide as a commercial carburizing gas is limited to the 
skin case hardening of medium-carbon steels. It is an excellent gas for 
diluting the heavier hydrocarbon gases such as methane and ethane of 
natural gas, propane, and butane. Commercial propane is available in 
tanks or steel cylinders as a liquid in a rather pure state and is quite 
satisfactory as a carburizing gas. 

It is the practice in many plants to dilute a carburizing gas with a 
decarhurizing gas by partial combustion either in a separate furnace 
retort or in a gas generator. Water vapor is usually condensed out or 
absorbed because of its strongly decarhurizing action. 

Protection Against Carburization. In order to prevent carburizing 
on certain areas of a particular part, the whole part is copper plated and 
later machined off at surfaces where carburizing is desired such as on the 
faces of cams on an ordinary cam shaft. Copper paints and clay packs 
are also used. 

Fig. 100 shows the box-cooled structure from case to core of carburized 
ingot iron at 75 X . The micrograph of the case at X 1000 shows that the 
structure is slightly abnormal; this means that the proeutectoid carbide 
in the hypereutectoid zone is not completely in a uniform network but 
has occasional large patches of massive carbide and ferrite. 
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Fig. lOOA. Structure of carburized ingot iron from case to core. Abnormal. 
Cooled in box to form pearlitic structure. X 75. 


Heat Treatment after Carburizing. Fig. 101 shows a diagrammatic 
representation of the various heat treatments for carburized steels, 
together with the case and core properties and recommendations depend- 
ent on grain size. The figure is self-explanatory. The sloping lines 
under A, C, and D indicate box cooling; the vertical lines either 
heating or quenching according to the direction of the arrow; and the 
horizontal lines holding, at the temperatures shown. Network cemen- 
tite forms in the hypereutectoid zone on box cooling and if not eliminated 
by a later solution treatment will cause extreme brittleness in the case. 
Tempering after quenching is not always carried out because there is less 
internal stress and less breakage with case-hardened parts than with 








Temperature 
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untempered tool steels. Tempering at 350-500°F, however, is recom- 
mended for important parts. 



A 

Best adapted to fine-grained 
steels. 

B 

Best adapted to fine-graine<l 
steels. 

C 

Best adapted to fine-grained 
steels. 

D 

Best treatment for coarse- 
grained steels. 

E 

Adapted to fine-grained steels 
only. 

F 

Adapted to fine-grained steels 
only. 


Befined; excess carbiile not 
dissolved. 

Slightly coarsened: some solu- 
tion of excess carbide. 

Somewhat coarsened; solution 
of excess carbide favored; 
austenite retention promoted 
in highly alloy steels. 

Refined; solution of excess 
carbide favored; austenite 
retention minimizeil. 

Unrefined with excess carbide 
dissolvefl; austenite retained; 
distortion minimized; file 
proof when carbon is high. 

Refine<l; solution of excess 
carbide favoreil; austenite 
retention minimized. 


rnrefined; soft and machin- 
able. 

Partially refinetl; stronger and 
tougher than A, 

Refined; maximum core 
strength and hardness; 
better combinatUin of 
strength and ductility than 
B. 

Refined; soft and machinable: 
maximum toughness and 
resistance to impact. 

Unrefined but hardened. 


Unrefined; fair toughness. 


Fig. 101. Varioii.s heat treatments for rarburized steels. 


Liquid Carburizing and Cyaniding. In liquid carburizing it is custom- 
ary to use molten baths composed of aV>out 00-70% of calcium and 
sodium chlorides and 30-40% of sodium cyanide (NaCN). The bath is 
ordinarily opt^rated between 1500 and 1050°F and the ordinary carburiz- 
ing steels S.A.E. 1010, 1020, 1120, etc., are cased to a depth of about 
0.010 in. 

This early process of liquid carburizing was known as ajaniding and, 
if it is carried out at lower temperatures, considerable nitrogen dissolves 
in the outer portion of the case in addition to carbon. The inner portion 
of the case frequently shows needles of iron nitride but most of the case 
is quite structureless. A cyanide bath decomposes during operation 
mainly by oxidation so it is customary to add 96-98% NaCN to main- 
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tain its strength of about 30% NaCN for production work. With 
considerable drag out '' from the parts being quenched it is customary 
to add only 30% NaCN. Cyaniding is widely used in industry to 
produce a thin case at a low cost. 

In recent years there has been a tendency to deviate from the harder, 
more brittle and shallower cases caused by nitriding in the cyaniding 
process and to obtain deeper and less brittle cases which are more 
carburized than nitrided. This has led to the so-called “ activated 
baths utilizing calcium cyanamide, CaCN2, polymerized hydrocyanic 
acid, or sodium cyanide with controlling chemicals to govern the decom- 
position of the cyanides. 

The case obtained with activated baths is generally between 0.010- 
0.030 in. and as a rule contains from 50 to 75 per cent less nitrides than 
cases obtained by cyaniding. Above 0.030 in. it is more economical to 
carburize by the pack or gas methods. The salts are usually purchased 
in the fused state in lumps and are added to the pots when necessary. 
Heat-resisting alloy pots are most satisfactory but many pressed mild 
steel pots are in service. 

Cyanided work is usually hardened in water. Oil quenching, how- 
ever, gives less brittleness and distortion and is advocated where more 
toughness and slightly less hardness are desired. Parts of small size are 
handled by submerged baskets. Ventilated hoods should be provided 
to carry off fumes. Fig. 102 shows a comparison of case depths with 
time for the two types of baths. 

Nitriding. The case-hardening process whereby steels containing 
0.20-0.45% C, 0.90-1.50% Al, 0.0-1.80% Cr, 0.15-1.00% Mo, and 
0.0-3.75% Ni are subjected to atomic nitrogen to form a surface layer 
high in nitrogen is called nitriding. 

The steels are quenched and tempered to a sorbitic structure before 
nitriding. They are nitrided in a retort. Ordinarily anhydrous am- 
monia gas is drawn off from a cylinder and is bled into a retort at 
a low positive pressure. The rate of flow of NH3 gas is regulated so as to 
have a dissociation of about 30 per cent according to the reaction 

2NH3 = 2N -h 3H2 

The nascent nitrogen dissolves in the special steels, forming solid solu- 
tions and complex nitrides having high hardness. 

A case depth of about 0.020 in. may be obtained in about 50 hours with 
its outer hardness about 1000 Vickers. A carburized case is ordinarily 
about 850 Vickers. 

In order to protect against nitriding at certain areas of a particular 
part, a lead-tin solder coating of 80% Pb-20% Sn is customary although 



CAST IRON AND MALLEABLE CAST IRON 


209 


it is molten at nitriding temperatures. Tin plating of 0.007 in. in 
thickness, nickel plating of 0.0005 in., or special paints are also used. 

After nitriding the work is cooled to below scaling temperature before 
opening the retort and removing the basket containing the work. The 
hardness in the slow-cooled state is about 1000 diamond Brinell and it is 
not necessary to quench in order to obtain full hardness. 



Advantages of the process are: there is almost no distortion of work; 
high hardness and excellent wear resistance are obtained; extremely 
large sections can be surface hardened. 

Several disadvantages are: the case is more brittle, especially under 
impact; the cost is about three times that of carburizing; the steels 
required are more expensive; and a long time cycle is necessary. 

CAST IRON AND MALLEABLE CAST IRON 

Cast irons are very useful and important iron-base alloys with carbon 
usually between 1.7 and 4.5% and containing various amounts of silicon, 
manganese, phosphorus, and sulfur. The last two are considered impuri- 
ties but may, under special conditions, contribute useful properties. 
These alloys are further complicated by nickel, chromium, molybdenum, 
etc., and referred to as alloy cast irons. In cast alloys there is no appre- 
ciable malleability at any temperature because of high-carbon content. 
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It should be remembered that about 1.7% carbon represents the maxi- 
mum solubility of carbon in austenite and that cast irons are generally 
hypoeutectic alloys. The network of eutectic structure, ledeburite 
(7 solid solution and cementite), together with graphite flakes, is respon- 
sible for the absence of plasticity. 

Pig Iron 

Pig iron is made by reducing iron ore with coke and melting in a blast 
furnace. It is used with various proportions of gray iron scrap and steel 
scrap to produce cast iron. 

Silicon is ordinarily present in pig iron and is considered the pyrometer 
of the blast furnace, as the higher the operating temperature the more the 
silicon is reduced from Si02 which enters the pig iron. Foundry pig 
iron compositions contain 1.5-3.00% Si, 0.02-0.06% S, 0.25-1.00% P, 
0.50-1.00% Mn, and 3.50-4.25% T.C. (total carbon). Silicon is classed 
as a graphitizer and when present in large amounts expels graphite as the 
liquid iron cools, forming graphite flakes (kish) which leave the iron. 

Gray Cast Iron 

Gray cast iron is an alloy of iron with carbon from about 2.8-3.5% 
and silicon from about 1.25-3.00%, which has a gray fracture in the 

as cast ’’ condition. It sometimes contains nickel, chromium, copper, 
and molybdenum to enhance certain properties. The principal micro- 
constituent is pearlite; the gray fracture results from the presence of 
graphite flakes. A small amount of free ferrite is usually also present. 
Free cementite is avoided if good machinability is desired. The flake 
graphite of gray iron forms mostly on solidification (Fig. 103). 

Gray iron is usually made in an ordinary foundry cupola furnace by 
melting pig iron, scrap iron and steel, with coke as a fuel, at a compara- 
tively low melting cost. Table 23 gives some typical compositions of 
plain cast iron with common applications. 

The degree of graphitization is controlled by the cooling rate and 
silicon content. In order to make cast iron machinable for a certain 
size of section of a casting, it is necessary to regulate closely its silicon 
content. Heavy sections of about two inches will have a silicon content 
of about 1.25%, whereas light sections, such as piston rings, will require 
about 2.90% silicon to resist chill in casting and graphitize sufficiently to 
be machinable. 

A summary of the structural effects of alloys on cast iron is shown in 
Table 24. 

Effect of Phosphorus. Phosphorus increases the castability of cast 
iron by lowering its freezing point; the phosphorus may be up to 1% for 
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thin sections. Up to 0.90% P there is little effect on the tensile strength 
of the ordinary cast iron in the range of tensile strength of 40,000 psi. 
In high percentages it is detrimental to strength. Most of the phos- 



Fig. 103. Gray cast iron. Light gray dendrites are pc^arlite which was y solid 
solution before transformation to pearlite. White structure around dendrites is 
eutectic constituent, ledeburite (Geist, University of Minnesota). X 100. 

phorus is present in the microconstituent Steadite appearing as white, 
fine, dotted eutectic. Steadite is a eutectic of austenite, saturated with 



Fia. 104. Steadite in gray cast iron. Composition: T.C. 2.60%, Si 2.90%, 
Mn 0.66%, S 0.086%, P 0.39%. Structure: pearlite, graphite flakes, and steadite 
(Nagler, University of Minnesota). X 1000. 

phosphorus, and iron phosphide (FeaP). It contains about 10.2% P 
and has a melting point of about 1800°F. Its structure is shown in 
Fig. 104. 
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Table 23. Typical Analyses of Some Commercial Gray Iron Castingb* 
(Not intended for specifications) 


Casting 


Total 

C 


Si 


Mn 


“Per Cent— 
P S 


Ni 


Cr 


Mo 


Auto cylinder, plain iron 
Auto cylinder, Ni-Cr iron 
Auto cylinder, Ni-Cr iron, 
heavy duty 
Auto cylinder, Ni iron 
Auto pistons, plain iron 
Auto pistons. Mo iron 
General castings (auto), soft 
iron 

Piston rings (auto) , individually 
cast 

Brake drums (auto) 

Brake drums (auto) 

Cams 

Machinery iron: 

Light service or thin section 
Medium service or heavy 
section 

Heavy service with heavy 
section 

Water pipe, sand cast: 

Light and medium 
Heavy 

Chilled plow shares 
High strength iron, plain 
High strength iron, nickel 
High strength iron. Mo 
Heat-resistant iron, fire pots, 
and kettles 
Caustic pots, Ni-Cr 
Caustic pots, plain 
Ingot molds 
Car wheels 

Air cylinders, ammonia cylin- 
ders, plain iron 
Heavy compressor cylinders, 
nickel iron 

Light compressor cylinders, 
Ni-Cr 

Light forming and stamping 
or forging dies, Ni-Cr iron 
Heavy forming and stamping 
or forging dies, Ni-Cr iron 
Light forging dies, Mo iron 
Heavy forging dies. Mo iron 
Valves and fittings (medium) 


3.25 

2.25 

0.65 

0.15 

3.25 

2.25 

0.65 

0.15 

3.25 

1.90 

0.65 

0.15 

3.25 

1.80 

0.65 

0.15 

3.35 

2.25 

0.65 

0.15 

3.35 

2.25 

0.65 

0.15 

3.40 

2.60 

0.65 

0.30 

3.50 

2.90 

0.65 

0.50 

3.30 

1.90 

0.65 

0.15 

2.75 

2.25 

0.70 

0.15 

3.10 

1.50 

0.65 

0.15 

3.25 

2.25 

0.50 

0.35 

3.25 

1.75 

0.50 

0.35 

3.25 

1.25 

0.50 

0.35 

3.60 

1.75 

0.50 

0.80 

3.40 

1.40 

0.50 

0.80 

3.60 

1.25 

0.55 

0.40 

2.75 

2.25 

0.80 

0.10 

2.75 

2.25 

0.80 

0.10 

2.75 

2.25 

0.80 

0.10 

3.50 

1.15 

0.80 

0.10 

3.30 

0.70 

0.50 

0.10 

3.60 

1.00 

0.75 

0.20 

3.50 

1.00 

0.90 

0.20 

3.35 

0.65 

0.60 

0.35 

3.25 

1.25 

0.65 

0.20 

3.00 

1.10 

0.80 

0.20 

3.30 

2.10 

0.55 

0.25 

3.30 

1.50 

0.60 

0.20 

3.00 

1.25 

0.60 

0.20 

3.30 

2,00 

0.60 

0.20 

3.10 

1.50 

0.60 

0.20 

3.30 

2.00 

0.50 

0.35 


0.10 

0.10 

0.75 

0.30 


0.10 

0.10 

0.10 

0.10 

1.75 

1.25 

0.46 

0.60 

0.10 




0.06 

0.08 

0.08 

0.10 

1.25 

2.00 

0.50 

0.60 

0.50 

0.10 




0.10 




0.10 




0.08 

0.08 

0.10 

0.09 

0.09 

0.09 

1.00 


0.35 

0.07 

0.08 

0.07 

0.07 

0.12 

1.50 

0.60 


0.10 




O.IO 

2.00 



0.10 

1.26 

0.45 


0.10 

2.00 

0.60 


0.10 

0.10 

0.08 

0.10 

2.76 

0.80 

1.00 

1.00 


* A.B.Af. Metals Handbook , 1039 , p. 630. 
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Effect of Sulfiir and Manganese on Cast Iron. Sulfur does not seem 
to be harmful up to about 0.18% and exists as MnS if sufficient manga- 
nese is present. A manganese content of 0.60-0.80% is sufficient to form 
MnS because most American cast irons are under 0.12% sulfur and the 
ratio of Mn to S in MnS is 55 to 32. The source of sulfur in cast iron is 
mostly from the coke made from high-sulfur coal. 

The tensile strength of gray irons may be increased from 40,000 psi 
to 70,000 psi by lowering the carbon to about 2.60% and alloying with 
about 2.15% silicon and 1.10% nickel so there will be less graphitic 
carbon in flakes with more pearlite in the matrix (pearlitic iron). With 
special cupola practice the same strength may be obtained with about 
0.^5% molybdenum instead of the nickel. 

Electric furnace irons with carbon of 3.00%, Si 2.35, S 0.09, P 0.13, 
Mn 0,80, Cr 0.37, Mo 0.58, and N 0.44% can be obtained with about 
55,000 psi and 241 Rrinell hardness from a bar 1.20 in. diameter. 

These high-strength cast irons are not so readily machinable as the 
low-strength irons. In high-strength irons the matrix is harder and 
contains less graphite with a better distribution and a smaller size of 
flake. They may be made in many ways with many combinations of 
alloy additions. High-strength irons can be made by adding calcium 
silicide, silicon carbide, etc., to the molten metal for the purpose of con- 
trolling graphitization and reducing grain size. 

Growth of Cast Iron. When ordinary cast irons are heated for pro- 
longed times at temperatures above 800®F they grow ’’ or increase in 
size in all directions because of graphitization and absorption of gases. 
To prevent graphite formation, special irons having stable carbides are 
made with chromium additions. A 6-8% silicon iron does not grow 
because it has no carbides to dissociate to ferrite and graphite which 
occupy more space and are responsible for most of the growth. An 
austenitic cast iron of about 14% nickel, 5% copper, and 1-4% chro- 
mium is also quite stable as regards growth tendencies, corrosion, and 
scaling. 

Gray irons are classified by A.S.T.M. according to strength and trans- 
verse properties, and specifications are given for specific uses such as 
cast iron pipe, chilled car wheels, etc. These specifications are revised 
and published every three years in the A.S.T.M. Book of Standards and 
should be consulted for cast iron and also for other metal specifications. 

Recently A.F.A. and A.S.T.M. published a chart on graphite flake 
classification in gray cast iron which fulfills an important objective 
because the mechanical properties of cast iron are directly related to the 
length, type, and distribution of graphite flakes. The micrographs are at 
100 X and the chart has eight sizes numbered from 1 to 8 having, respec- 
tively, graphite flakes of more than 4 in. to less than He in. in length. 
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The parts of the chart are lettered A, B, C, Z), and Ej and are labeled 
respectively as: uniform distribution, random orientation; rosette 
groupings, random orientation ; superimposed flake sizes, random orien- 
tation; interdendritic segregation, random orientation; and inter- 
dendritic segregation, preferred orientation. 



Fig. 105. Typical white cast iron, showing pearlite and cementite. X 1000. 



Fig. 106. Special hypereutectic cast iron, showing primary cementite and lede- 
burite eutectic. Carbon about 4.6%. Not a typical white cast iron because it 
contains an excess of carbon as FeaC. X 100. 

White Cast Iron ' 

White cast iron or white iron has a white fracture and contains almost 
no graphite in its microstructure, as shown in Fig. 105. Fig. 106 shows 
the structure of the eutectic of white iron. This iron contains about 
4.5% carbon and shows primary cementite surrounded by ledeburite. 
It was saturated with carbon and cooled quickly in a chilled iron mold. 
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Most white cast irons contain carbon from 1.7 to 3.00%, with silicon 
0.8-1.25%; nearly all the carbon is combined as FeaC. Chromium 
may be added as a carbide stabilizer. 

White cast iron is extremely hard and brittle, having low tensile 
strength because of excessive brittleness. It is useful in applications 
requiring high resistance to abrasion; however, it is seldom used where 
the whole part is white iron. More frequently only a part of the section 
is white iron and the remainder mottled or gray iron (Fig. 107). In this 



Fig. 107. Mottled cast iron. Location between white iron structure at chilled 
portion and gray iron toward the center of the casting. Showing dendrites of 
pearlite (formerly 7) as gray constituent; eutectic of ledeburite as white; graphite 
nodules as dark constituent. No graphite flakes (Geist, University of Minnesota). 

X 100. 

case the term chilled iron is used and the depth of chill may be governed 
in two ways: (1) by composition adjustment and (2) by casting against 
metal pieces called '' chills.’' Large sections will show less chill than 
small sections of the same composition. Dry-sand molding practice 
gives less chill than green-sand practice for these castings. 

Some of the many applications of chilled iron are : chilled car wheels, 
rolling mill rolls, plow shares, etc., where high resistance to abrasion is 
important. 

Malleable Iron 

Malleable cast iron is a special white cast iron, annealed so as to impart 
ductility to the finished casting. The first step in making malleable iron 
is to obtain a casting of white iron having a composition as shown in 
Table 25, which is brittle and hard. The second step consists in graphi- 
tizing the white iron by a special annealing treatment which decomposes 
the FeaC to iron and graphite in the form of nodules called temper 
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carbon. The graphite has the same x-ray crystal structure as the flake 
graphite of gray iron and lampblack. The graphite in malleable iron 
after the '' malleablizing anneal '' is shown in Fig. 108 to be in large 
nodules, not continuous, embedded in ferrite. 

Air or electric furnaces may be used for melting, or a duplex process 
consisting of melting at a fast rate in a cupola with steel scrap to keep 
the carbon down and then transferring to an electric to adjust composi- 
tion and refine. Triplexing is melting in a cupola, transferring to a 
Bessemer converter to remove excess carbon, and then refining in an 
electric furnace. The plain cupola practice is used for lower-strength 
malleable for use as pipe fittings, etc., which are more free machining 
and have pressure tightness. It is easier to obtain soundness with higher 



Fio. 108. Malleable iron after annealing. Etched in picral. Showing matrix of 
ferrite with grain boundaries. Dark gray nodules are graphite. X 100. 

carbon in thin sections because the lower- carbon irons have less fluidity 
and a higher degree of shrinkage, approaching that of steel. It is 
possible to anneal white iron castings with carbon as high as 3.50%. 
Flake graphite in the original casting is to be avoided so that when high- 
strength castings are to be made the carbon is usually below 2.35% and 
the silicon about 1.00%. The higher the silicon the easier it is to anneal 
but the greater the chance of obtaining flake graphite in the original 
casting. 

Annealing is now carried out in continuous automatically controlled 
furnaces of the car type. A cycle for a batch type furnace is as follows: 

Time of heating to 1500°F 45 hr 

Time of holding 1500°F to max. 1650®F 50 hr 

Time of cooling 60 hr 


Total 


155 hr 
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Table 25. Composition and Propeuties of Malleable Iron* 


-For Classes of Iron to Meet- 


A.S.T.M. Specification 
A47-33, Grade 35018 
Most 
probable 

Range value 


A.S.T.M. Specification 
A47-33, Grade 32510 
Most 
probable 

Range value 


Chemical Compo8itio7v\ 
Carbon, % 

Silicon, % 

Manganese, % 
Phosphorus, % 

Sulfur, % 

Chemical Composition 


- White Iron 

1.75-2.30 
0.85-1.20 
less than 0.40 
less than 0.20 
less than 0.12 

Finished Product 


Temper carbon, % 

Silicon, % 

Manganese, % 

Phosphorus, % 

Sulfur, % 

Physical Properties 
Specific gravity- 
shrinkage allowance, in. per 
ft 

Coefficient of thermal ex- 
pansion, per ®C 
per ®F 

Specific heat, cal. per g. per 
°C average between 20 
and lOO^C 

Mechanical Properties 
Tensile strength, psi 
Yield point, psi 
Elongation in 2 in., % 
Modulus of elasticity in ten- 
sion, psi 
Poisson’s ratio 
Ultimate shearing strength, 
psi 

Yield point in shear, psi ^ 
Modulus of elasthdty, psi 
Modulus of rupture in tor- 
sion, psi 

Brinell Hardness Numljer 
Charpy impact value, ft-lb, 
“key hole” notch 0.04-in. 
radius at bottom, 0.394 
in. square bar 
V-notch — 0.197 in. depth 
of notch 

Izod impact value, ft-lb 
(using V-notch 0..394 in. 
square bar, 0.079 in. 
depth of notch) 

Fatigue endurance limit, psi 
Endurance ratio (endurance 
limit/ultimate strength)! 
Resistivity, micro-ohms per 
cu cm 


less than 1.80 
less than 1.20 
less than 0.40 
less than 0.20 
less than 0.12 


7.20-7.46 

Me 


0.000012 

0.0000066 


0.122 

53.000- 60,000 

35.000- 40,000 

18-25 

57,000 

37,500 

22 


25,000,000 

0.17 


48.000 

23.000 
12,500,000 


58,000 

110-145 



16 

22,000-30,600 

27,000 

0.43-0..54 

0.50 


30 


2.25-2.70 
0.80-1.10 
less than 0.40 
less than 0.20 
0.07-0.15 


less than 2.20 
less than 1.10 
less than 0.40 
less than 0.20 
less than 0.13 


7.34-7.26 

Me 

0.000012 

0.0000066 


0.122 


50,000-52,000 

32,500-35,000 

10-18 

60,000 

32,500 

14. 


26,000,000 

0.17 


48.000 

23.000 
12,600,000 


68,000 


110-135 


7 


10-14 

12 

10-14 

12 

25,000-26,500 

26,500 


0.50 


32 


♦ From Cast Metals Handbook, American Foundrymen’e Association, 1940, p. 222. 
t These chemical compositions are not to be taken as specifications, because the specifications for 
mechanical properties can be met by a number of compositions, depending on foundry practice and 
conditions. 

t The longer range of values for grade 35018 material is in part due to more frequent investigations. 
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The castings are usually packed in boxes with sand, cinders, or mill 
scale to support and keep them from warping at the high heat. The 
long annealing cycle of 120-160 hr is necessary for castings having proper- 
ties shown in Table 25. 

During malleablizing FcaC dissociates and the graphite precipitates 
in nodules as temper carbon. Elements which accelerate graphitization 
during annealing are silicon, aluminum, titanium, and, to a lesser extent, 
copper, nickel, and phosphorus. Retarding elements are chromium, 
manganese, vanadium, and, to some extent, molybdenum and sulfur. 

In black-heart malleable practice the annealing cycle cannot be 
hastened much in production without the ])Ossibility of pearlite formation 
in the finished product; this seriously affects the ductility. 

Uses. Some of the important uses of malleable iron are for purposes 
for which ordinary cast iron is too brittle and fair ductility and good 
machinability are desirable. Many applications are for parts for plows, 
tractors, freight car hardware, tools, automobiles, stoves, pipe fit- 
tings, etc. 

Pearlitic Malleable. In some cases where a ductility of only a few 
per cent is permissible, it is desirable to have a “ short cycle malleable 
which has a high strength. This is accomplished by altering the compo- 
sition with the elements which retard graphitization; i.e., as adding 
manganese up to 1% and higher chromium 0.10-0.50%, molybdenum 
0.20-1.00%, and some additional accelerators as well. 

The malleablizing anneal for the short cycle is to graphitize as much 
as possible above the critical and then cool at faster rates of 10"^ to lOO^F 
per hour so as to form a matrix of pearlite, either laminated or spheroidal, 
as desired. This type of material has found application for brake bands 
in the automotive field. One automotive company uses a “ cast alloy 
steel crankshaft containing about 1.35-1.60% C, 0.60-0.80% Mn, 
0.85-1.10% Si, 1.50-2.00% Cu, and 0.40-0.50% Cr, which in reality is a 
pearlitic malleable, graphitized partially but later treated like steel. The 
treatment consists in holding at 1650°F for 20 minutes; normalizing in 
air to maximum of 1200°F; reheating to 1400°F for one hour; cooling in 
furnace to 1000°F in one hour. It is claimed that the properties are: 
tensile strength 107,500 psi, yield point 92,000 psi, elongation 1.75%, 
reduction in area 2.5%, and Brinell hardness 269. There are many 
possibilities of similar irons for special service where ductility is not an 
important consideration. 



CHAPTER X 

NONFERROUS METALS AND ALLOYS 

Approximately forty of the metallic elements are used commercially 
in the pure or the alloyed form. Of these, iron is employed by far the 
most widely because of its low cost and its many useful properties. 
Over a period of many years the world production of iron has amounted 
to ten to twenty-five times the combined tonnage of all other metals. 
Up to the opening of World War II, copper, lead, and zinc were the 
i nportant nonferrous metals, accounting for almost nine-tenths of the 
total nonferrous metal tonnage, but under war-time conditions the 
production of aluminum and magnesium was expanded very rapidly to 
bring these two metals into the same class. Tin and nickel are also used 
in large quantities and neither is produced in this country in appreciable 
amounts. 

Each of the metals possesses a unique combination of properties upon 
which its usefulness depends. Such characteristics as resistance to 
corrosion or oxidation, pleasing appearance, ease of fabrication, light 
weight, high thermal conductivity, special electrical or magnetic proper- 
ties, as well as suitable mechanical properties, may make a given metal 
or alloy especially useful for a particular application. 

Many of the metals are used widely in the commercially pure unalloyed 
form. The mechanical properties of various commercial grades of the 
more important of these arc given in Table 26. The physical constants 
of metals of high purity can be found in Table 1. Many of the metals 
which are not used extensively in the commercially pure form are used in 
the production of alloys. The more important of these are manganese, 
chromium, molybdenum, cobalt, vanadium, titanium, columbiurn, 
antimony, arsenic, bismuth, beryllium, calcium, rhodium, osmium, and 
iridium. 


COPPER AND COPPER-BASE ALLOYS 

Copper and its alloys have been in use since the early stages of the 
development of our civilization and they still maintain their position 
among the most useful of our metals and alloys. A major portion of the 
copper produced today is used in the unalloyed form, particularly for 
conductors of electricity in the form of rod and wire, and for plumbing, 
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roofing, and chemical engineering equipment in the form of sheet and 
tubing. The most useful properties of copper are: very high electrical 
and thermal conductivities, good corrosion resistance, good mechanical 
properties, and ease of fabrication. 

Commercial Grades of Copper 

Electrolytic and low resistivity lake copper, both of which contain at least 
99.90% copper and silver, are used for electrical conductors and for 
wrought alloys. 

High resistance lake or arsenical, 99.90% minimum copper, silver, 
and arsenic (usually 0.25 to 0.50% As), is used mainly for service 
at higher temperatures where its high recrystallization temperature is 
advantageous. 

Fire refined other than lake, 99.70% copper and silver minimum, 0.1% 
arsenic maximum, is used for rolling into sheets and shapes used for 
mechanical purposes. 

Oxygen-free or deoxidized copper possesses exceptional plasticity, good 
welding properties, and is not subject to embrittlement caused by 
exposure to hot hydrogen gas. Some grades have high electrical 
conductivity (OFHC). 

The name tough pitch is sometimes applied to copper with a con- 
trolled oxygen content of 0.03 to 0.07%. This small amount of oxygen 
gives improved casting properties and good mechanical properties, but 
induces susceptibility to hydrogen embrittlement. 

Pure copper can be formed very readily by either cold or hot working. 
It can be hardened only by cold work and in the work-hardened state 
its high electrical conductivity is reduced but slightly. A myth which 
has persisted for many centuries credits the ancients with the so-called 

lost art of hardening or tempering copper. All specimens of ancient 
copper tools which have been studied by scientific methods have been 
found to owe their hardness to cold working or to alloy contents. In 
most cases the alloying elements were natural impurities occurring in the 
copper ores. No specimens have ever been tested which approach in 
hardness the values that can be obtained with modern heat-treated 
copper-beryllium alloys. 


COPPER-BASE ALLOYS 


Nomenclature 

Alloys of copper with zinc are usually called brasses; of copper with 
tin, bronzes, tin bronzes, or phosphor bronzes; of copper and aluminum, 
aluminum bronzes; of copper and silicon, copper silicon or silicon bronze; 
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of copper and beryllium, beryllium copper or beryllium bronze. A 
number of copper-zinc alloys are sold under the nobler name of bronze 
and these designations might be regarded as misnomers : commercial 
bronze” is a wrought red brass; manganese bronze,” a high-zinc 
brass; and several proprietary brasses are sold under trade names that 
include the word bronze. 

Copper-base alloys possess to a high degree some of the valuable 
properties of pure copper, particularly good corrosion resistance and 
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Fig. 109. Copper-zinc constitution diagram. 


relatively high conductivity of heat and electricity. For any given 
application, the choice between brass and the various bronzes depends 
upon the combination of properties desired and also upon the cost of the 
alloy as well as the cost of fabricating it into the finished product. 

Brasses are the cheapest and the most widely used of the copper-base 
alloys. They can be worked more readily by most cold-working proces- 
ses than other alloys and their mechanical properties are good. 

Tin bronzes are more expensive, possess better corrosion resistance in 
general, have a more pleasing golden color, are harder, and are more 
resistant to abrasion. Their working properties are definitely inferior. 

Aluminum bronzes are characterized by good corrosion resistance and 
high tensile properties. Silicon bronzes possess high corrosion resist- 
ance toward many corroding agents, with good mechanical properties, 
and some grades also have good working properties. Beryllium bronzes 
can be hardened by heat treatment to a degree not approached by any 
other copper-base alloy. They are the most expensive of the copper- 
base alloys but possess the highest strength, and some of the alloys have 
high electrical conductivity. 
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BRASSES 

The constitution diagram of copper-rich alloys of copper and zinc is 
given in Fig. 109. Wrought brasses containing over approximately 
62% copper consist of only one phase, the a solid solution, which is very 
ductile and has the face-centered cubic type of crystal structure. 
Brasses containing 54 to 62% Cu are made up of two phases, ot and /?. 
The 13 phase is body-centered cubic and undergoes a transformation on 



%Zn 0 10 20 30 40 50 

Fia. 110. Tensile strength and elongation of annealed wrought brasses. Com- 
piled from various sources. 

cooling at approximately 470-453°C, which apparently involves the 
formation of an ordered solid solution designated as This phase is 
rather brittle at room temperature but has good hot- working properties. 

The color of the a solid solution varies according to the copper content 
from a copper red for high-copper alloys to a yellow color at about 62% 
copper. The p phase is slightly more reddish than the saturated a solid 
solution, so the lightest yellow color is attained in brasses of about 
62% Cu. 



Table 27 . Wrought Copper-Babe Alloys 
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Brasses possess relatively good corrosion resistance and exceptionally 
good working properties. They are used both in the wrought form and 
as castings, the casting alloys differing from the wrought alloys in 
composition. 

The properties of wrought copper-base alloys are given in Table 27. 

Wrought Brasses 

The best working properties are obtained with simple binary copper- 
zinc alloys. Other alloying elements harm the cold-working properties, 
but a small amount of lead or tellurium is occasionally added to improve 



Courtesy A.S.M. Handbook 

Fig. 111 . Effect of cold working on the mechanical properties of high brass. 

machinability (0.5 to 3%) ; small additions of tin, antimony, phosphorus 
(.03%) or arsenic are used in several alloys, mainly to improve the cor- 
rosion resistance toward certain media and inhibit dezincification of 
condenser tubes. 

The approximate tensile properties of wrought copper-zinc alloys of 
various compositions are given in Fig. 110. The maximum ductility is 
reached at approximately 67 to 70% copper, and maximum tensile 
strength at slightly below 60% copper. 

Most of the commercial alloys can be classified into three main groups. 
The most important are: (1) the yellow a brasses, high brass (66-34) 
and cartridge brass (70-30) being the most widely used compositions in 
this group; (2) the red brasses, usually of the 85-15 or the 90-10 compo- 
sition ; and (3) the brasses, which usually fall near the 60-40 (Muntz 
Metal) composition. 
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Yellow a Brasses. These are the most ductile of all brasses and they 
are especially suited for the most severe cold-forming operations such as 
deep drawing, stamping, and spinning. They are almost always cold 
rolled and cold formed, although some hot working is possible if the 
alloys are made of high-purity copper and zinc. 

The effect of cold working upon the mechanical properties of high brass 
is given in Fig. 111. Cold-rolled sheet and strip can be obtained com- 



Hard 100 200 300 400 500 600 700 800 C 

Annealing Temperature 

Courtesy A.S.M. Handbook 

Fia. 112. Effect of annealing temperatures on the properties of high brass. 

mercially in seven different tempers,” representing different degrees of 
cold rolling ranging from quarter hard ” (10.9% reduction) to “ extra 
spring ” (68.7% reduction). 

The effect of annealing at various temperatures upon the mechanical 
properties of three-quarter hard high brass is given in Fig. 112. The 
degree of annealing is commonly designated in terms of resultant grain 
size. The largest grain size is specified for the most severe cold-forming 
operations but for less severe cold forming the finer grain sizes are 
preferred because they give a smoother surface finish. 

After severe cold-forming operations, all yellow brasses should be 
annealed to avoid season cracking.” This annealing may be per- 
formed at a temperature as low as 570°F (300°C), if it is desired to pre- 
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vent loss of strength and hardness. Season cracking is a gradual, inter- 
granular disintegration caused by the combined effect of internal stresses 
and corrosion; the time re(|uired to bring it about varies with the severity 
of the corrosion conditions. Atmospheric corrosion may develop this 
condition in a few months whereas under conditions of interior exposure 
it may appear after several years of service. C.'crtain chemicals, particu- 
larly ammonia or mercury compounds, may cause failure in a very short 
time. Arsenical brasses seem to be the most susceptible to intergranu- 
lar corrosion. To test for susceptibility to season cracking the finished 
part can be immersed in a solution containing 100 g of HgNOa and 13 ml 
HNO 3 per liter for 15 min. No cracks should develop during this test if 
the brass has been annealed properly. 

In general, yellow brasses are slightly less resistant to corrosion than 
red brasses. There is one type of pitting corrosion, often called 

dezincification,’' which is encountered almost exclusively in yellow 
brasses. It is characterized by a reddish, porous deposit of copper at 
the corrosion pits. It may be caused by contact with acids or with 
impure and salt-bearing waters. The resistance to salt water corrosion 
can be improved by the addition of approximately 1 % of tin. Admiralty 
Metal (70 Cu, 29 Zn, 1 Sn) is widely used for condenser tubes. 

The mechanical properties of some typical wrought brasses are given 
in Table 27, together with compositions, characteristics, and uses. 

Red Brasses. 31iree commercial wrought bravsses fall definitely into 
this group: the 85-15 red brass’^ or ^‘rich low brass,^^ the 90-10 
“ commercial bronze,” and the 95-5 “ commercial bronze ” or ‘‘ gilding 
metal.” A fourth alloy, the 80-20 low brass ” could be classed with 
these, but its proi)erties are to some extent intermediate between those 
of the other red brasses and those of the yellow a brasses. 

The red brasses as a group are characterized by a slightly better 
resistance to most types of corrosion, as compared with yellow brasses, 
with practically no susceptibility to dezincification or season cracking. 
In hot-working properties they are superior to the yellow a brasses and in 
cold working they are more plastic the lower the zinc content; conse- 
ciuently they are preferred for cold heading and upsetting applications. 
They are more expensive and are used mainly for applications where their 
bronze color or corrosion resistance are advantages, particularly for 
hardware, screws, rivets, forgings, radiator cores, detonator fuse caps and 
primer caps (95-5), plumbing pii)e (85-15), bellows and flexible hose 
(80-20), and all sorts of cold-formed parts. Leaded red brasses (1.5% 
Pb) are used for automatic screw machine work. 

Alpha-Beta Brasses; Muntz Metal. These two-phase alloys, usually 
of approximately the 60-40 composition, are yellow in color and are 
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characterized by high strength and good hot-working properties. With 
respect to general corrosion resistance they are usually ranked as slightly 
better than the yellow a brasses, and they are also subject to dezincifi- 
cation and season cracking. Their resistance to certain media, such as 
salt water, is improved by small additions of tin (naval brass). Leaded 
alloys are used for forgings and extrusions when good machinability is 
desired. 

Microstructures of Brasses 

Fig. 113 illustrates the microstructures of copper-zinc alloys of various 
compositions. The top row of micrographs shows structure of castings 
of various compositions as shown on the composition scale at the foot of 



Courtesy W. H. Bassett and C. H. Davis, American Brass Co, 


Fig. 113. Microstructures of brasses. 

the page. The remainder of the page illustrates the microstructures of 
wrought brasses of various compositions which have been annealed after 
severe cold rolling. The annealing temperatures are given in centigrade 
on the vertical scale at the left-hand edge of the page. 

Referring to the constitution diagram and discussion of phases in 
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copper-zinc alloys, the microstructures of wrought brasses between 
100% copper and approximately 62% copper consist of homogeneous 
a solid solution, varying in grain size with annealing temperature. 
Fig. 113 shows clearly that the low-copper a brasses show more grain 
growth and recrystallization at lower temperatures than do the high 
copper alloys. Annealing twins occur in all wrought a brasses in 
profusion. 

Wrought brasses containing between 62 and 54% copper contain two 
phases, a and and Fig. 113 illustrates how the presence of two phases 
interferes with grain growth on annealing. Even after annealing at 
relatively high temperatures, these alloys are fine grained. The 
brasses (54 to 50% copper) are coarse grained and are too brittle for 
practically all industrial applications. 

Cast Brasses 

The top row of micrographs in Fig. 113 shows the structures of cast 
brasses of various compositions. The cast alloys from approximately 
75 to 100% copper show the typical dendritic or “ cored a solid solu- 
tion structure. According to the copper-zinc diagram (Fig. 109), the 
first solid to form during the freezing of these alloys is rich in copper 
whereas the last melt to freeze is rich in zinc. 

In cast alloys below 75% copper a second phase appears, the jS, since 
the last melt to freeze for these alloys reaches the a + ^ or the range 
of composition. Alloys of the Muntz Metal composition (60-40) 
freeze as all /3, but the solubility of copper in the 0 phase drops at lower 
temperatures and, on slow cooling, the a phase begins to separate out at 
slightly below 750°C. Alloys of the range of compositions in the 
form of castings or of forgings which have been slowly cooled from a high 
temperature show a very typical segregate structure, illustrated in 
Fig. 114. The precipitated a phase is arranged along certain crystallo- 
graphic planes of the matrix of /3, resulting in a Widmanstatten structure. 

Commercial Casting Alloys 

Whereas wrought brasses are usually simple binary alloys of copper 
and zinc, the casting alloys almost always contain very appreciable 
amounts of other alloying elements. The range of compositions is as 
follows: zinc up to a little over 40%, tin 1-6%, lead 1-10%; some high- 
strength brasses also contain iron, manganese, nickel, and aluminum. 
The A.S.T.M. classification of cast brasses includes four main groups: 
red brass, 2-8% Zn; semi-red brass, 8-17% Zn; yellow brass, over 17% 
Zn but under 2% total Al, Mn, Ni, and Fe; and high-strength yellow brass 
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(often called ** manganese bronze over 17% Zn with over 2% total 
Al, Mn, Si, Ni, and Fe. 

Red Casting Brasses. Commercial alloys of this group are usually 
high in lead and tin; in fact, tin is the most important alloying element in 
these alloys since the hardening effect of tin is approximately twice as 
great as that of zinc. Consequently, these alloys are also known as 
valve bronzes and they are characterized by a reddish-bronze color, good 
corrosion resistance, machinability, and pressure tightness. They are 
more expensive than the yellow or semi-red brasses. 

Table 28 gives the compositions and properties of various commercial 
casting brasses. The alloy 85-5-5-5 is probably the best known of the 



Fig. 114. Brass. Muntz Metal, 60% Cu-40% Zn, as cast. Etchant: Rosen- 
hain’s reagent. Showing Widmanstatten structure resulting from a (light) sepa- 
rating from 0 along certain crystallographic planes. Final stru(;ture is a light -+• 

(dark). X 100. 

red brass group. Alloys of higher lead content machine very readily, 
make pressure-tight castings, but possess lower strength at elevated 
temperatures. 

Semi-Red Brasses. Alloys of this group might be regarded as a 
compromise between red brass an d yellow brass, particularly with respect 
to cost, corrosion resistance, and appearance. Their casting properties 
and machinability are very good. They are used extensively for low- 
pressure valves and fittings and for plumbing fixtures. 

Yellow Brasses. These are the cheapest casting brasses, high in zinc 
content (usually 20 to 35%), with only small percentages of tin and 
lead. The alloys near the upper limit for zinc are more difficult to cast 
than lower zinc brasses, and their corrosion resistance in general is also 
lower except when used in contact with gasoline or fuel oils which contain 
sulfur. They are widely used for miscellaneous ornamental castings, 
plumbers^ fittings, and small machine parts. 



BRASSES 


233 




234 


NONFERROUS METALS AND ALLOYS 


High-Strength Yellow Brass; Manganese Bronze.” A rather wide 
variety of compositions is used, most of them falling in the range of 
compositions given in Table 28. They are essentially a + 0 brasses 
containing several of the following addition elements: Mn, Fe, Al, Sn, 
and Ni. Lead is kept below 0.4%. These alloys are much stronger, 
harder, and tougher (Izod 20-40 ft-lb) than other casting brasses, but 
more difficult to cast and machine. They possess good corrosion resist- 
ance toward certain media, particularly to sea water, but castings that 



Fig. 115. Copper-tin constitution diagram. 


have been stressed beyond the yield point may be subject to season 
cracking. They are used for propellers, hydraulic machinery, part of 
marine engine pumps, valves, engine frames, and gears. 


TIN BRONZES 

The constitution diagram for copper-tin alloys is given in Fig. 115. 
The maximum solid solubility of tin in copper is somewhere between 13 
and 16%, depending on the annealing temperature. Commercial 
wrought alloys of less than approximately 13% tin contain only one 
phase, the alpha (a) solid solution. This range of composition includes 
most of the commercial alloys of copper and tin. 

The beta (/3) phase is stable only at elevated temperatures and on 
cooling slowly it undergoes a eutectoid transformation at 520°C. This 
portion of the diagram has been constructed differently by various inves- 
tigators and the diagram shown here has been chosen for its close corre- 
lation with the microstructures of commercial alloys. Another version 
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of this diagram, covering the entire range of composition from zero to 
100% copper, can be found in Plate V. 

The broken line at 580°C represents a heat effect on the cooling curves 
which is sometimes considered to be due to a phase change (i3 — ► 7 ), but 
in Fig. 115 it is regarded as a simple case of atomic rearrangement within 
the p solid solution phase, being an “ ordered ” solid solution. 

The product of the transformation at 520°C Ls the a + 5 eutectoid 
(Figs. 116 and 117). The 8 phase is hard and brittle, and has a bluish 
gray color. Under all ordinary conditions it is stable at room tempera- 



Fig. 116. Bronzite. Eutectoid structure of Cu-Sn system. Cast alloy having 
composition Cu 73%-Sn 27%. Reaction is ^ — a + 6. a (light) is the matrix 
with 5 (dark) in relief. This structure is called bronzite because it strongly re- 
sembles lamellar pearlite in Fe-FesC system. X 1000. 

ture. Alloys that have been severely cold worked and annealed for very 
long periods below approximately 330°C (below the normal recrystalliz- 
ing temperature) have been shown by means of x-ray studies to undergo 
another phase change as indicated by the dotted lines at the bottom of 
the diagram. The 8 phase disappears with the formation of eta (rj ) , and the 
same studies indicate a sharp drop in the solid solubility of tin in the a 
solid solution at low temperatures. These changes are never encoun- 
tered in commercial alloys, and cannot be checked by means of micro- 
scopic examination. 

The solid lines in Fig. 115 agree closely with the microstructures of 
wrought bronzes. The structure of cast bronzes depends largely upon 
the degree of equilibrium attained during the cooling of the casting. 
Castings which have been cooled slowly contain only the a phase if the 
tin content is below approximately 7%. This phase in castings shows 
the characteristic cored or dendritic structure. There is some a + 8 
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eutectoid in most castings containing over 7% tin and in chill cast alloys 
of over 5% tin (Fig. 117). 

Effect of Third Allo 3 ring Elements 

Effect of Phosphorus. Phosphorus in the form of phosphor-copper 
or phosphor-tin is commonly used to deoxidize molten bronze before 



X 1000 

Fig. 117. Bronze. Composition: Cu 86%, Sn 16%. Slowly cooled after casting. 

casting. It promotes soundnes.s in the castings and fluidity in the 
molten alloy. Very often the amount of phosphorus added is just 
sufficient to deoxidize the melt and only a trace, if any, remains in the 
metal. When greater amounts of phosphorus are added, there results a 
definite improvement of mechanical and chemical properties: higher 
tensile strength, especially at elevated temperatures; greater toughness, 
hardness, and corrosion resistance. The degree of improvement is a 
function of the phosphorus content, but there is no standardized amount 
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used and it may run anywhere from a few hundredths of one per cent 
to as much as one per cent. Higher percentages cause brittleness and 
impair surface appearance. 

The term phosphor-bronze, as used in the industry, means very little 
since it is at times applied to all tin-bronzes whether or not they contain 
any phosphorus. In the present A.S.T.M. and A.F.A. systems of 
classification of cast bronzes the term is avoided altogether. The Non- 
ferrous Ingot Metal Institute suggests that the name be reserved for tin- 
bronzes containing over 0.05% phosphorus. 

Effect of Zinc. Zinc is a common addition element in tin bronzes, 
being used to replace a part of the tin, usually in the proportion of 2% 
zinc for each per cent of tin replaced. A 2% zinc addition will improve 
casting properties and toughness with little effect on wear resistance. 
Higher proportions of zinc are often added to lower the cost of the alloy 
but when the amount exceeds about 5% it is usually regarded as an 
adulterant. High-zinc bronzes have an inferior brassy color and the 
corrosion resistance toward some media is lowered. 

Effect of Lead. Lead is often added to casting bronzes to improve 
the machinability, pressure tightness, and wear resistance. It lowers 
impact toughness and strength at elevated temperatures. Some specifi- 
cations for high-strength casting bronzes place a very low limit on lead 
(S.A.E. No. 62, Pb 0.20% max) but published data indicate that amounts 
up to 0.5% and possibly as high as 1.5% have very little effect upon 
mechanical properties except for a slight reduction in hardness. An 
addition of 0.5% lead produces a marked improvement in the machin- 
ability of bronze and slightly greater improvement can be obtained with 
more lead. In valve bronzes the lead content varies from 1.5 to 10%. 
the lower value being for valves which are to be used at high tempera- 
tures (400-500°F). Most bearing bronzes contain from 5 to 25% lead. 

Effect of Nickel. IVToderate improvements in mechanical properties 
have been reported with additions of approximately 1% nickel, particu- 
larly in gear bronzes. In high-lead bearing bronzes, nickel helps to 
promote uniform distribution of the lead. 

Commercial copper-tin alloys usually contain one or more of the 
elements phosphorus, zinc, lead, or nickel. The casting alloys are used 
more widely than wrought bronzes and will be discussed first. Compo- 
sitions, properties, and characteristics of casting bronzes are summarized 
in Table 28. 

Casting Bronzes 

Gear Bronzes and Phosphor Gear Bronze. Alloys containing approxi- 
mately 10-12% tin and 0-1% phosphorus are used for gears and machine 
parts which require a bearing surface. They develop a polished surface 
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with excellent wear resistance and low tendency to gall or seize when 
operating against a hardened steel surface. Two typical alloys of this 
type are S.A.E. No. 65 phosphor gear bronze (11% Sn, 0.2% P) and 
S.A.E. No. 640 nickel phosphor bronze (11% Sn, 1% Ni, 0.2% P, 1% 
Pb). 

Zinc Bronze or Gun Metal. Because of superior casting properties 
these alloys are widely used where the combination of strength, tough- 
ness, bearing properties, and resistance to corrosion are desired, particu- 
larly in marine work. The two most common compositions are the 
88-10-2 and the 88-8-4 and they are also known as Government Bronze, 
G Bronze, or Admiralty Gun Metal. The 88-8-4 alloy has two advan- 
tages over the original gun metal composition (88-10-2) : it is cheaper 
and in large castings it is less likely to give trouble in machining result- 
ing from segregation and hard spots. Phosphorus, although used as a 
deoxidizer, is not recommended as an alloying element. Lead, if added 
to improve machinability, is usually not over 0.5%. This alloy has to a 
large extent replaced the straight copper-tin gear bronze. 

Valve Bronzes. These alloys of Cu-8n-Zn-Pb are also known as 
leaded red brasses and are discussed under that heading. The mechanical 
properties of commercial cast bronzes are summarized in Table 28. 

Statuary Bronze or Art Bronze. Art bronze has not been standardized 
and the compositions used vary through the range: Cu, 72 to 95; Sn, 
2 to 10; Zn, 1 to 25; Pb, 0 to 2.5. Usually the zinc content exceeds the 
tin since good casting properties and ability to be worked with a file or 
chisel are important requirements. An average composition would be 
about Cu 79, Zn 15, Sn 4, and Pb 1.5. 

Wrought Bronze 

Wrought phosphor-bronze is used to .some extent for springs and dia- 
phragms where corrosion resistance is recjuired. These alloys have good 
wear resistance, high yield strength, and resistance to fatigue. Alloys 
containing up to 10% tin are now being produced commercially and are 
available in the form of sheet and wire and in several tempers ranging 
from the annealed to the severely cold-worked (extra spring temper) 
condition. The range of mechanical properties for the two most 
common grades is given in Table 27. 

For coining operations, alloys containing small amounts of tin and 
zinc are sometimes used. 


ALUMINUM BRONZE 

The copper-aluminum constitution diagram is given in Plate II.* The 
maximum solubility of aluminum in the copper-rich a solid solution is 

♦ Plates will be found in the Appendix. 
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approximately 9.5% at 57()°(> (1058°F), and at the solidus temperature, 
1031°C (1886°F), the solubility is 7.4%. The a phase is face-centered 
cubic. 

The P phase is stable only at elevated temperatures and cannot be 
retained by quenching. It undergoes a eutectoid inversion at 570°C 
and the composition at the eutectoid point is approximately 11.8% 
aluminum. In slow cooling the product of this transformation is a 
eutectoid mixture of a and y' phases. The y' phase (formerly called 8) 
is hard and brittle, being analogous to the y phase in copper-zinc alloys. 

Aluminum bronzes which contain the phase are interesting because 
of their response to heat treatment and because of certain similarities to 
steels. The eutectoid structure formed on slow cooling often resembles 
the lamellar pearlitc structure of annealed steels. On quenching from 
above the eutectoid temperature, an acicular structure resembling 
martensite can be produced. Two transition phases, and have 
been found in quenched alloys by means of x-ray diffraction studies. 
Certain commercial aluminum bronzes are being heat treated by quench- 
ing from 8l5-87()°(' (15()0-1600°F) followed by tempering at 370-590°C 
(700-1 100°F) to increase the strength and hardness at the expense of 
reduced ductility. 

Commercial aluminum-bronzes usually contain between 4 and 13.5% 
aluminum, up to 4.5% iron, and occasionally some nickel and manga- 
nese. They are characterized by good corrosion resistance toward many 
media, high strength, ductility, resistance to fatigue and shock, and 
fairly high hardness which is maintained well at elevated temperatures. 
Their color resembles 10-karat gold. In casting properties they are 
definitely inferior to the brasses and they are much more difficult to 
machine. 

Commercial casting alloys range from 8 to 13.5% aluminum and 1 to 
4.5% iron. Aluminum has a greater hardening effect than iron, but 
iron has the beneficial effect of refining the grain size and improving 
ductility. The 88-9-3 alloy is used without heat treatment whereas the 
89-10-1 composition is widely used in the heat-treated condition. 
Mechanical properties for these two alloys are listed in Table 28. 

Alloys of this type are used for gears, gun mounts, propellers, pump 
parts, bearings and bushings requiring exceptionally high strength, 
fans, acid equipment, and general machine parts. Aluminum bronzas 
of higher alloy content are harder (up to 340 Brinell) and more brittle. 
They are used for nonsparking tools, drawing and forming dies, and for 
bushings, liners, and guides operating against hardened steels. 

Some use is made of aluminum bronzes in the wrought form for valve 
stems, propeller-blade bolts, condenser bolts, air pumps, diaphragms, and 
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slide liners. The alloys used most frequently are the 88-9-3 composition 
for rods, bars, shapes, and forgings, and the 95-5 alloy for plates, sheet, 
and strip. Mechanical properties of these wrought alloys are given in 
Table 27. 

These alloys can be worked hot or cold, l)ut if the aluminum content 
exceeds about 11% a marked tendency toward brittleness becomes 
evident, particularly if appreciable amounts of other alloying elements 
are present. 

SILICON-BRONZE 

The copper-silicon alloys are better known under their trade names, 
Everdur, Herculoy, Duronze, Olympic, PMG, etc. They combine very 
good corrosion resistance, particularly toward certain media, with good 
mechanical properties. The constitution diagram for these alloys is 
given in Plate The solubility of silicon in the a solid solution varies 
^^^th temperature from 6.8 to 4%. Most of the commercial alloys fall 
in the a solid solution range and are used both for castings and in the 
wrought form. Those with low alloy content (Type B) have good work- 
ing proi>erties whereas the other grades have high strength and hardness 
and satisfactory ductility. The pro{)erties of wrought and cast alloys 
are given in Tables 27 and 28, respectively. 

The silicon content of commercial alloys usually ranges from 0.7 to 
about 4% and one or more of the follo^\^ng elements are always present: 
Mn, 0-1.2; Zn, 0-4; Sn, 0-2; Fe, 0-2; and, in free machining grades, 
Pb up to 0.5%. 

Copper-rich silicon alloys can be cast, rolled, spun, stamped, forged, 
and welded. They are available in the form of sheet, strip, wire, rods, 
tubes, forgings, and castings. They nvsist the corrosion of many sub- 
stances to a satisfactory degree, including sea water, sulfuric and hydro- 
chloric acids, many of the salts of these acids, alkalies, many alkali 
salts, and many organic compounds. 

BERYLLIUM BRONZES 

Copper-beryllium alloys have been made commercially only a short 
time and are still more expensive than other copper-base alloys but are 
finding increasingly wide application in many fields where corrosion- 
resistant alloys of high hardness and strength are required. Beryllium- 
bronzes are the hardest and strongest of the copper-base alloys and their 
mechanical properties can be changed by heat treatment. 

The constitution diagram for copper-beryllium alloys is given in 
Plate III. The important feature of this diagram is the change in 
solubility of Be in Cu with temperature, which is responsible for the 
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susceptibility of these alloys to precipitation hardening. At 864®C 
(1590°F) this solubility is 2.4% whereas at 400°C (752°F) it is 0.6%. 

The most common commercial alloy contains from 1.75 to 2.25% Be. 
It is available in the form of sheet, rod, and wire, and can be worked hot 
or cold but not so readily as some other copper-base alloys. It work 
hardens very rapidly and requires frequent annealing during cold- 
working operations. Alloys containing less Be are preferred for the more 
severe cold-forming operations, as in the production of tubing. 

Other commercial alloys contain, in addition to copper and beryllium: 
cobalt to promote uniformity after heat treatment, nickel for grain 
refinement, or chromium for conductivity. 

Castings are being made of alloys containing about 0.5% Be with Co, 
Ni, or Cr which possess good electrical conductivity (up to 55% of the 
conductivity of copper) and also have moderately high mechanical 
properties. 

Heat Treatment. Beryllium-copper alloys respond to the precipi- 
tation hardening type of heat treatment. Hot-worked alloys are first 
given a solution treatment consisting of soaking at 1427-1472°F (775- 
800°C) followed by water quenching. The alloys are then in the softest 
and most workable condition which is often designated as the 
“ annealed state. The hardening or precipitation heat treatment 
is carried out at 250-325°C (482-617°F) and follows the solution treat- 
ment in the case of hot-worked alloys. Cold-worked alloys respond to 
the precipitation heat treatment without any solution treatment and, 
when treated in this manner, give slightly higher tensile properties and 
lower ductility than if the solution treatment were applied first. The 
effect of heat treatment upon the mechanical properties of the standard 
alloy is summarized in Table 27. 

At present the most important uses of copper-beryllium alloys are 
found in the electrical and aircraft industries, mainly for springs, dia- 
phragms, gears, bearings, electrodes, and other applications where 
electrical conductivity, corrosion resistance, nonmagnetic properties, 
hardness and wear resistance, high tensile properties, and good resistance 
to fatigue are required. A rather full line of nonsparking tools is being 
made of beryllium-bronze for the petroleum and explosive industries. 

LIGHT METAL ALLOYS 

Aluminum and magnesium are the only metals of low specific gravity 
which are available at a moderate cost and possess suitable mechanical 
properties with sufficient chemical stability to be useful in the production 
of light metal alloys. Steels, brasses, and many other common alloys 
are approximately three times as heavy as aluminum and four and one- 
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Table 29 . Wrought 


Alcoa 

Number 

Form 

Tensile Str., 
1000 psi 

Typical Min 

Yield 
1000 psi 

1 Typ. Min 

Elonga- < 
tion, 

% in 2" 
Typ. Min 

BHN 

Shear 

Str. 

Fatigue 

Limit 

Relative 

Cold Bending 
Properties 

Corrosion 

Resistance 

NaQ 

2SO 

A" sheet 

13 

(15.5 max) 

5 


35 

30 

23 

9.5 

5 

A 

B 

2S HH 

A" sheet 

17 

16 

14 


9 

7 

32 

11 


B 

B 

2SH 

sheet 

24 

22 

21 


5 

4 

44 

13 

8.5 

F 

B 

3SO 

sheet 

16 

(19 max) 

5 


30 

25 

28 

11 

6 

A 

B 

3S 3^H 

A" sheet 

21 

16 

18 


8 

7 

40 

14 

9 

c 

B 

3SH 

sheet 

29 

27 

25 


4 

4 

55 

16 

10 

(i 

B 

52SO 

A" sheet 

29 

(31 max) 

14 


25 

20 

45 

18 

17 

A 

B 

52S HH 

sheet 

37 

34 

29 


10 

7 

67 

21 

19 

D 

B 

52SH 

1 ^" sheet 

41 

39 

36 


7 

4 

85 

24 

20.5 

G 

B 

17SO 

A" sheet 

26 

(35 max) 

10 


20 

12 

45 

18 

11 

B 

E 

17ST 

iV" sheet 

60 

55 

37 

32 

20 

18 

t 100 

36 

15 

H 

D 

17SRT 

sheet 

65 

55 

47 

42 

13 

12 

no 

38 


J 


Aiclad 17ST 


56 

50 

33 

28 

18 

16 


32 


I 

A 

17ST 

Forgings 

55 

55 

30 

30 

16 

16 

100 

36 

15 


D 

A17S 

c 

a. 

43 


24 


24 


70 

26 

13.5 

F 

D 

24SO 

A" sheet 

26 

(35 max) 

10 


20 

12 

42 

18 

1 12 

B 

1 Ej 

24ST 1 

sheet 

68 

62 

44 

40 

19 

17 

105 

41 

I 18 

J 

D 

24SRT 

A" sheet 

70 

65 

55 

50 

13 

12 

116 

42 


K 

D 

Aiclad 24ST 

1 *^" sheet 

62 

56 

41 

37 

18 

16 


40 


J 

A 

61SW 

sheet 

35 


21 


22 


66 

24 

12.5 

F 

C 

61ST 

A" sheet 

45 


39 


12 


95 

30 

12.5 

G 

C 

538W 

A" sheet 

33 

28 

20 

16 

22 

17 

65 

20 

10 

F 

B 

53ST 

A" sheet 

39 

35 

33 

28 

14 

10 

80 

24 

11 

G 

B 

A51ST 

Forging 

44 


34 


14 


90 

32 

10.5 


C 

25ST 

Forging 

55 


30 


16 


100 

35 

15 


E 

14ST 

Forging 

65 


50 


10 


130 

45 

16 


D 

70ST 

Forging 

50 


40 


16 


85 

37 

19 


F 

18ST 

Forging 

55 


35 


10 


100 

35 



E 

32ST 

Forging 

52 


40 


5 


115 

38 

14 


C 

11 STS 

rod 

44 


42 


14 


100 

30 

i 

12.5 

i 

E 


Heat Treatments: O -• Annealed; T =» Heat Treated; W » As Quenched; 

half times as heavy as magnesium. The alloys of these two metals, 
therefore, are particularly useful in applications where low specific 
gravity is of primary importance, as in the construction of aircraft. 
Beryllium, with a specific gravity of 1.85, has been mentioned as a 
possible competitor in the light alloy field, but up to the present time 
attempts to produce this metal at a reasonable cost and to develop useful 
beryllium-base alloys have met with very little success. 

Although both aluminum and magnesium are among the most abun- 
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Alloys of Aluminum 


Alcoa 

Num- 

ber 

Cu 

Composition 

Si Mn Mg 

Misc. 

Characteristics and Uses 

2S 





A1 99% 

Rest forming properties, weldability. 

Good corrosion resistance; low yield. 

Cooking utensils, sheet, tubing. 

3S 


Trace 

1.2 



Similar to 2S in properties and uses. 

Slightly higher strength, low ductility. 

Cooking utensils, sheet metal work. 

528 




2.5 

Cr 0.25 

Strongest work-hardening alloy. 

Good corrosion resistance, fatigue strength. 

High strength sheet metal work. 

17S 

4.0 

Tr. 

0.5 

0.5 


Duralumin. Most common heat-treated alloy. 

Used in all standard wrought forms. 

Structural applications. 

Alclad sheet used for best corrosion resistance. 

A17S 

2.5 

Tr. 


0.3 


Better forming properties. Rivets. 

24 S 

4.6 

Tr. 

0.6 

1.5 


High strength alloy for rolled products. 

Used widely in aircraft construction. 

Yield strength raised by cold rolling. 

61S 

0.25 

0.55 


0.05 

Cr 0.25 

Good forming propierties. High yield strength. 

Good corrosion resistance. Heiiuires artificial aging 

53S 


0,7 


1.3 

Cr 0.25 

Best corrosion resistance of heat-treated alloys. 
Architectural uses. All wrought forms. 

A.'ilS 


1.0 


0.6 

Cr 0.25 

Good forgeability. Intricate forgings. 

25S 

4.5 

0.8 

0.8 



Good forgeability. Lower cost. 

14S 

4.4 

0.8 

0.8 

0.4 


Forging alloy. High yield strength. 

70S 

1 


0.7 

0.4 

Zn 10 

Low cost forging alloy. 

18S 

4.0 



0.5 

Ni 2 

High temperature strength. Forged pistons. 

32S 

0.8 

12.0 


1.0 

Ni 0.8 

Forged aircraft pistons. 

11ST3 

5.5 



(Bi 0.5) 

Pb 0.5 

Free cutting (automatic) screw machine products. 


H “ Hard Kolled; R =• Rolled after Heat Treatment. 


dant elements in the earth’s crust, their production on a commercial 
scale has been developed rather recently. Most of the other important 
metals have been in use for hundreds or thousands of years, but the com- 
mercial production of aluminum began around 1888 and that of mag- 
nesium in 1909. The production of both of these metals has expanded 
very rapidly and aluminum now ranks fifth among the metals in com- 
mercial importance. 

Commercial aluminum of an average purity of approximately 99% A1 
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Table 30 . Sand-Casting 


Alcoa 

Number 

Condition 

Tensile 

1000 

psi 

Typ. Min 

Yield 

1000 

pei 

Typical 

Elongation. 

% in 2 " 
Typ. Min 

Brinell 
Hardness 
500 kg 

Shear 

1000 

psi 

Endurance 

Limit 

5 X 10« 
cycles 

Modified 

Charpy 

Impact 

12 

Afl east 

22 

18 

14 

2 


50-70 

20 

7.6 

0.7 

212 

As oast 

22 

18.5 

14 

2 


50-70 

20 

7.5 

0.6 

112 

As oast 

22 

18.5 

14 

1.5 


55-80 

20 

8.0 

0.6 

195T4 

Soln. H.T. 

31 

28.5 

16 

8 

5.5 

55-75 

24 

6 

2.8 

195T6 

Soln. H.T. 

36 

31.5 

22 

4 

2.5 

70-90 

30 

6.5 

1.8 

195182 

H.T. 

40 

35.5 

31 

2 


80-100 

31 

7 

1.3 

43 

As oast 

19 

16.5 

9 

6 

2.5 

35-50 

14 

6.5 

1 

47 

“ Modified ” 

26 

23.5 

11 

8 

4.5 

45-60 

18 

6 

3 

108 

As oast 

21 

19 

17 

2 

1.5 

60 

20 

8.5 


A334 

As oast 

26 

22 

20 

1.5 


65 

24 


0.7 

355T4 

Soln H.T. 

30 

26.5 

20 

5 

3.5 

50-6.5 

28 


1.8 

355Tfl 

H.T. 

35 

31.5 

25 

3.5 

1.5 

65-85 

30 


1.1 

355T61 

H.T. 

38 

35 

33 

1 

0.5 

80-95 



0.8 

355T51 

H.T. 

28 

24.5 

23 

1.5 


50-70 

22 

6.5 


A355T51 

H.T. 

28 

25 

24 

1.5 


65 

21 

8 


A355T59 

H.T. 

25 

23 

21 

2.0 


60 

20 

8 


356T4 

Soln. H.T 

28 

25 5 

16 

6 

4.5 

50-70 

18 


1.7 

356T6 

H.T. 

32 

29.5 

22 

4 

2.5 

60-80 

22 

8 

1 1.0 

214 

As cast 

25 

21.5 

12 

9 

5.5 

40-60 

19 

5.5 

3.8 

220T4 

Soln. T 

44 

42 

25 

12 

12 

70-85 

33 

7 

4.5 

109 

As cast 

24 

19 

18 

1.5 


76 

20 

10 


122 

As oast 


18.5 








122T2 

* Soln. H.T. 

25 

23 

21 

1 


75 

22.5 

9.5 

0.7 

122T61 

H.T. 

36 

30 

30 

1 


100 

29.6 


0.68 

142 

As oast 

28 

23 

24 

1 


85 

24 

8 

0.6 

142T61 

H.T. 

37 

31.5 


0.5 


100 

32 

8 


142T571 

H.T. 

30 

29 

28 

0.6 


85 

27 

8 


645 

As oast 

29 

25 

22 

4 

2.6 

70 

22.5 

7.5 

1 

L5 

1 As oast 

27 


17 

7 

1 

68 





is produced by electrolysis of a fused bath of alumina and cryolite. The 
commercial grade can be further refined to give metal of 99.95 to 99.99% 
purity. The impurities in the ordinary 99% grade are chiefly iron, 
silicon, and copper, and this small amount of impurities materially 
alters the tensile properties. The physical constants for aluminum 
of high purity are given in Table 1 (page 2) and the mechanical proper- 
ties of commercial grades are listed in Table 29 and under the alloy 
No. 2S in Table 30. 

The most useful properties of aluminum are: light weight, good cor- 
rosion resistance, high thermal and electrical conductivity, high reflectiv- 
ity of radiant energy, and ease of fabrication. 
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Alloys op Aluminum 


Alcoa 

Number 

A.S.T.M. 

B26-42T 

S.A.E. 

No. 

Cu 

Compoeition 

Si Mg Fe Zn 

Ni 

Relative Cast- 
ing Properties 

Characteristics and Uses 

312 

CS21 

36 

8 

1.2 

1.0 


B 

Most common casting alloy. 

112 

CS22 

33 

7.5 


1.2 1.6 



1 General castings — not heat treated. 

195T4 

Cl UTl 

38 

4 




C 

High strength heat-treated castings. 

195T6 

HT2 







Aircraft and marine engine parts; crankcases. 

196T62 

HT3 








43 

S2 

35 


5 



A 

Intricate pressure-tight castings; good corro- 









sion resbtance. 

47 

S3 

37 


12.5 

(Trace Na) 


A 

Alpax, silumin, high strength, needs no H.T. 

108 



4 

3 



A 

Good casting properties. 

A334 



3 

4 

0.30 


A 

Intricate castings. 

355T4 

SC21 HTl 

322-1 

1.25 

5 

0.5 


A 

Liquid-cooled cylinder heads. 

365T6 

HT2 

322-2 






Intricate castings with good high temp. 









strength. 

355T61 


322-3 






Water jackets, cylinder blocks, water cooled. 

355T51 

HT3 







Exhausts manifolds: good corrosion resistance 

A355T61 



1.4 

5 

0.6 (Mn 0.76) 0.76 

A 

Crankcases and cylinder heads for diesel and 

A356T59 








liquid-cooled aircraft engines. Good cast. pr. 

350T4 

SG9 HTl 



7 

0.3 


A 

H.T. castings of intricate design. 

35flT6 

HT2 







Good corrosion resistance; pressure tight. 

214 

G1 

320 



3.76 


C 

Good corrosion and tarm.sh resistance, tough. 

220T4 


324 



10 


C 

Toughest X\ casting alloy. Si>eciai found, tech 

109 


32 

12 




C 

High hardness, poor shock resistance. 

122 









122T2 

CGI 


10 


0.2 1.2 


C ' 

More frequently cast in permanent molds. 

122T61 








Piston alloy. Good wear resistance, high temp. 









str. 

142 

CN21 

30 

4 


1.6 

2 


Good strength at elev. temp, and stability of 

142T61 








dimensions with temp, changes. 

142T571 








Usually cast in permanent molds. 

645 


31 

3.8 


1.2 11 

11 

B 

General casting alloys. 

L6 








Used extensively m Europe. 


The corrosion resistance of aluminum is due to a thin, firmly adherent 
oxide film which tends to protect the surface against further corrosion. 
Under ordinary atmospheric exposure most of the alloys of aluminum 
show very little deterioration of mechanical properties, although the 
resistance to tarnish is not the same for the various alloys. In general, 
the best corrosion resistance toward most media can be obtained with 
high-purity aluminum. Commercial aluminum (99%) and alloys con- 
taining manganese, magnesium, or chromium are usually more resistant 
than other alloys of aluminum. The alloys with silicon are only slightly 
less resistant than commercial aluminum, and the alloys containing 
copper, nickel, iron, and zinc are the least resistant toward most media. 
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Another advantage of aluminum alloys under corrosive conditions is the 
colorless, tasteless, and nontoxic character of most of the corrosion 
products. 

A uniform and adherent oxide film can be produced on aluminum 
alloys by anodic oxidation in an electrolyte of 10% H2SO4. This film 
serves as an excellent base for other protective coatings such as paints 
and lacquers. The oxide coating can also be dyed to give a brilliantly 
colored finish. 

The electrical conductivity of an aluminum wire of a given weight is 
twice the conductivity of a copper wire of the same weight. An alumi- 
num wire cable with a strong steel core is used extensively for the trans- 
mission of electric power. High-voltage lines with extremely long spans 
between supports are thus made possible, but this advantage is very 
much less important in climates where the danger of heavy sleet loading 
makes necessary the closer spacing of supports. 

The high reflectivity of aluminum makes possible its use in the form 
of foil as a thermal insulator, and in the flake form as a pigment in paints 
which are particularly useful in keeping down absorption and radiation of 
radiant heat. 

Commercial aluminum and many of the aluminum alloys can be 
readily formed by all sorts of cold-forming operations including rolling, 
drawing, stamping, cupping, spinning, and bending. The hot-working 
properties of many of the alloys are excellent and cormnercial shapes are 
often produced by the extrusion process. Machining aluminum and 
aluminum alloys is more difficult than might be expected and a special 
technique is required for best results. 

Welding. Aluminum alloys can be welded by the gas, arc, or resist- 
ance welding processes. A flux is necessary for torch and arc welding 
and, in arc welding, a coated filler rod can be used to advantage. Weld- 
ing lowers the strength of work-hardened and precipitation-hardened 
alloys, and in most cases the corrosion resistance is also lowered at the 
weld. 

There are many solders on the market which will produce a satis- 
factory joint in aluminum structures, but in practically all cases the 
composition of the solder is widely different from that of the alloy and 
the danger of electrolytic corrosion is very great. Recently some 
aluminum-base solders have been developed which are claimed to be 
superior in this respect. 


ALUMINUM ALLOYS 

Aluminum alloys are made in a wide variety of compositions and 
each of these alloys possesses a different combination of useful properties 
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and characteristics such as forming properties, casting properties, 
response to heat treatment, degree of corrosion resistance, different 
combinations of strength and ductility. 

The most common alloying elements used in commercial alloys of 
aluminum are: copper up to 10%, silicon up to 14% (occasionally up to 
23%), magnesium to 10%, manganese to 2%, zinc to 20%, nickel to 4%, 
and iron to 1.5%. Occasionally small amounts of other elements are 
also added, particularly chromium, bismuth, lead, titanium, cadmium, 
tin, sodium, and vanadium. 

Wrought-Aluminum Alloys 

Aluminum alloys can be classified into two main groups: the wrought 
alloys and the casting alloys. Very few of the alloys are used in both 
the cast and wrought forms. Of the wrought alloys some are susceptible 
to hardening by heat treatment (precipitation hardening or age harden- 
ing), whereas others can be hardened only by cold working (strain 
hardening) . 

The commercial grade of aluminum (99% Al) is used extensively in 
wrought form and is a strain-hardening alloy. In this grade, which is 
designated as alloy No. 28 by the principal producer, the alloying ele- 
ments are the impurities iron, silicon, and copper. Other important 
strain-hardening alloys are 38 and 52S. These alloys are available in 
several tempers or degrees of hardness, determined by the amount of 
cold rolling after the last annealing treatment, and designated as quarter- 
hard (34 H), half-hard (34 H)> The composition and mechanical 
properties of these alloys in several tempers are given in Table 29. 
Alloy 28 has the best forming properties but 528 has the highest strength 
of the strain-hardening alloys. The fatigue limit of 52SH is higher than 
that of any other aluminum alloy produced in this country. The cor- 
rosion resistance of the strain-hardening alloys is better than that of any 
of the precipitation-hardening groups. 

The original precipitation-hardening alloy is duralumin (17S). Its 
response to heat treatment is due principally to the change in solid solu- 
bility of copper in aluminum with changes in temperature. According 
to the aluminum-copper constitution diagram given in Plate II of the 
Appendix, this solubility increases from 0.5% at 200°C (392°F) to 5.5% 
at 548®C (1022°F). Duralumin contains approximately 4% copper and 
is heat treated by heating to a temperature above the solubility line 
until the aluminum-copper compound is dissolved completely (about 
25 minutes), whereupon the alloy is quenched. The first step in the 
heat treatment, sometimes called the solution heat treatment, produces a 
supersaturated solid solution which tends to break down into the phases 
stable at room temperature. This change takes place, or is initiated, 
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during the second step in the heat treatment which is called the aging or 
the precipitation heat treatment, and is accompanied by a remarkable 
increase in the hardness and strength of the alloy. In the original 
duralumin alloy (17S), maximum hardness can be obtained by simply 
aging the quenched alloy at room temperature for about four days. 
Some modifications of this alloy (blS, 538, 25S) do not age-harden at 
room temperature, Vjut must be given artificial aging or preci])itation 
heat treatment at slightly higher temperatures (315-355°F for 8 to 18 
hours). Alloys heated to higher temperatures or for longer periods 
than required to develop maximum hardness become “ overaged 
such a condition is characterized by lower mechanical properties and 
reduced resistance to corrosion, particularly at the grain boundaries. 

The exact stage of the precipitation reaction which has been reached at 
the instant when maximum hardness is attained is a controversial 
matter since at that stage almost all the precipitated particles are 
much too small to be resolved under a microscope. In fact it is very 
likely that they are smaller in diameter than a hundredth of the size 
of the smallest resolvable particle. Various published estimates of this 
so-called ‘‘ critical size of the precipitated particles range from some 
ten atom diameters down to sizes so small that the nuclei may still be 
in the process of formation. The latter condition has been referred to 
as a pre-precipitation phenomenon and considered by some metallur- 
gists to be the condition attained during the aging of duralumin at room 
temperature. This might also apf)ly to the early stages of the aging 
reaction of many other age-hardening alloys. 

The mechanism of age hardening as explained by the various theories 
that have been proposed is essentially the same; the hardening is sup- 
posedly due to an increased resistance to slipi)age along tlui glide planes 
of the parent solid solution crystals. This increased resistance may be 
due to the keying effect of a large number of precipitated particles of a 
second phase along the glide planes or to a similar keying (4fect caused 
by distortion of the space lattice about points where nuclei of the second 
phase are beginning to form. The keying action along the glide planes 
has been likened to the effect of placing grains of sand between two cakes 
of ice. By means of this simple theory, aU known changes in properties 
during the aging of duralumin can now be explained. 

The precipitating phases in duralumin aged at room temperature are 
the B' form of CuAl 2 and other compounds which contribute to the age- 
hardening reaction. Other precipitation-hardening alloys of aluminum 
are modifications of the original duralumin composition, some of which 
contain no magnesium and some little or no copper but more magnesium 
and silicon. 

The compositions, properties, and characteristics of the various alloys 
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are p^ven in Table 29. Each alloy has some unique characteristics 
which make it espc^cially useful for certain applications. Alloys 248 
and 148 are stronger than 178; alloys 618, 258, A518, and A17S possess 
superior working properties; 11ST3 is a free-machining alloy; but 188 
and 328 retain their strength better at elevated temperatures than 
other alloys of this group. The proper heat-treating temperatures vary 
slightly with composition and the manufacturer’s recommendations in 
this respect should be followed closely. 

The corrosion resistance of alloys 538 and 618 is said to approach that 
of the strain-hardening alloys 28, 38, and 528. For applications where 
still greater corrosion resistance is recpiired, as in seaplane construction, 
a composite shc'et product known as Alclad is available. It consists of a 
duralumin sheet covered with a thin layer of high-purity aluminum on 
both sides. 

Casting Alloys of Aluminum 

Coasting alloys of aluminum can be classified according to the method 
of casting: sand castings, i)ermanent mold, and die castings. Most of 
the common sand-casting alloys used in this country are listed in Table 
30, which also gives their characteristics and mechanical properties. 
Modifications of the 8% copper alloy (8.A.E. 30, 33, and 36) are used 
most widely and possess a favorable comt)ination of casting properties, 
machinability, and low cost with fair mechanical properties. They are 
used for a wide variety of miscellaneous castings which are not subjected 
to high stresses: automotive castings such as crankcases, oil pans, trans- 
mission housings; parts for washing machines, vacuum cleaners, type- 
writers; and other similar applications. 

In Europe another alloy, containing 10-14% zinc and 2-3% copper is 
used extensively for general casting purposes. S.A.E. No. 31 is the 
American modification of this composition and it is used to a limited 
extent in this country. Its mechanical ])roperties arc superior to those 
of the 8% copper alloy but it loses ductility upon aging at room tempera- 
ture and it is inferior with respect to corrosion resistance and strength 
at elevated temperatures. 

Alloys of aluminum and silicon are becoming increasingly popular 
because of their sujDerior casting i)roperties, corrosion resistance, and 
weldability. They can be readily cast into thin or complex sections, are 
relatively free from hot shortness, and readily produce castings which will 
withstand fluid pressures without leakage. The 5% silicon alloy (S.A.E. 
35) is very ductile and resistant to shock, but possesses rather low yield 
strength and hardness. It is used for marine castings, manifolds, water 
jackets, architectural and ornamental castings. 
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Castings made of high-silicon alloys of aluminum (S.A.E. 37) are 
normally coarse grained and brittle unless they arc chill cast or modi- 
fied by treatment of the molten alloy with an alkali fluoride flux or 
with 0.05% of metallic sodium. When properly modified, this alloy 
has a very fine-grained structure and its mechanical properties are 
superior to those of most other aluminum alloys which have not been 
heat treated. This alloy is used extensively in Europe^, under the names 
of Silumin and Alpax, for highly stressed castings. 

Precipitation hardening alloys are commonly used in this country for 
applications requiring maximum strength. The most widely used 
alloy of this group is S.A.E. 38 (Alcoa 195T), containing 4% copper. 
Heat treatment No. 1 (195T4) consists of the solution heat treatment 
alone and gives the best ductility but only moderate tensile and yield 
strengths. Partial artificial aging is included in heat treatment No. 2 
(195T6), the effect upon mechanical properties being similar to that of 
several months’ aging at room temperature. Alaximum strength is 
obtained by the full artificial aging heat treatment, No. 3 (195T62), 
which also reduces the ductility to rather low values. 

The 4% copper alloy is not suitable for the production of intricate 
castings; the.se are usually made of more complex alloys which generally 
contain from 4 to 7% silicon (S.A.E. 322, A.S.T.M. alloys N or M, Alcoa 
A334, 355, A355, and 356). The alloys which retain their strength well 
at elevated temperatures include S.A.E. 39 and 322, A.S.T.M. alloys H, 
F, and N, Alcoa 122, 142, 355, and A355. 

Alloys of aluminum with 3.75 to 10% magTiesium have been developed 
in recent years for applications requiring maximum corrosion resistance. 
The 3.75% magne.sium alloy (S.A.E. 320, A.S.T.M. alloy L, Alcoa 214) 
is used without heat treatment and has good ductility and toughne.ss. 
Alloys containing 6 to 10% magnesium reejuire special foundry technic pie 
because of the high magnesium content. The 10% magnesium alloy 
(S.A.E. 324, Alcoa 220T), when heat treated, develops the highest tensile 
strength as well as the highest ductility and toughness that can be 
obtained with any commercial casting alloy of aluminum. 

The procedure followed in the heat treatment of casting alloys is 
similar to that of duralumin with the exception that a very long time, 
18 hours or more, is required for the solution hcnit treatment of cast 
alloys. The actual temperatures for the solution heat treatment and the 
precipitation heat treatment vary with composition. 

Permanent-Mold and Die-Casting Alloys 

When a large number of duplicate castings are produced, certain 
advantages can be gained by using permanent metal molds into which 
the molten alloy can be poured by gravity (permanent mold castings) 
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or under pressure (die castings). The high initial cost of the mold may 
be more than offset by lower labor costs, particularly in the machining 
and finishing of the castings. Tlie use of permanent molds permits 
much closer dimensional tolerances and gives a very smooth surface 
finish. 

Some of the alloys used for sand castings are also used for permanent 
mold castings. Owing to the more rapid solidification in a metal mold 
a structure of finer grain is olitained and the strength of the chill-cast 
alloys is slightly higher. 

Of the alloys listed in Table 30, the following are used for permanent 
mold castings as well as for sand castings: F, H, C, J, N, and L.^ 

In general, the high-copper alloys are cheaper and have a tendency 
toward hot shortness. Silicon is a major alloying element in most of 
theses alloys and small amounts of magnesium are present in many of the 
alloys which are susceptible to heat treatment. Some chill-cast alloys 
respond to the artificial aging heat treatment alone, without a previous 
solution heat treatment. The mechanical j)roperties of permanent mold 
and die castings fall within the following ranges: tensile strength 
20-48,000 psi, yield strength 8-42,000 psi, elongation 0-8%, Rrinell 
hardness 40-110. 


MAGNESIUM ALLOYS 

The use of magnesium alloys has ('xpanded during the past two decades 
at an extremely ra{)id rat(^ in spite of many handicaps which had to be 
overcome by industry, and the selling price has been reduced progress- 
ively to less than 25 cents per })Ound. The problem of corrosion has been 
solved to some extent by the development of new alloys and by rigid 
control of impurities. Difficulties in foundry practice have been over- 
come by the development of special technique. Fabrication processes 
have been worked out in spite of relatively poor cold-working properties, 
and the welding of magnesium alloys is carried on successfully today 
although their extreme tendency toward oxidation had delayed this 
development for many years. 

The chief advantage of magnesium alloys is their light weight; with a 
specific gravity of about 1.85 as compared with 2.8 for aluminum alloys, 
they are the lightest alloys available commercially and have a high 
strength-to-weight ratio. Another advantage is excellent machinability. 
Of the disadvantages mentioned previously, relatively poor corrosion 
resistance is probably the most serious. Unprotected surfaces will resist 
ordinary atmospheric exposure only if adequate provision is made for 

^ For compositions and properties of other permanent-mold and die-casting 
alloys see the A.S.T.M. Book of StaJidarda and Alcoa Aluminum and Its Alloys by 
the Aluminum Company of America 
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free drainage and good ventilation for all surfaces. In assemblies, con- 
tacting surfaces should be sealed to exclude moisture. In humid, and 
particularly in salt-laden atmospheres, some sort of protective coating is 
necessary. A number of special chemical surface treatments have been 
developed to inhibit corrosion and provide an excellent base for paints 
and other protective coatings. Severe electrolytic corrosion is likely to 
occur when magnesium alloys are used in contact with other metals if 
moisture is present. 

Magnesium alloys work harden rapidly when worked cold and only a 
limited amount of cold forming can be accomplished without intermedi- 
ate annealing treatments. Hot forming is generally more satisfactory, 
the best range of working temperatures benng 500-750°F. Wrought 
parts are usually made in a forging press, but special alloys are available 
which can be forged under a hammer. Extrusion is the most satisfac- 
tory method of working magnesium alloys and is used to produce bars, 
rods, structural shapes, and tubing. 

The most important alloying elements in commercial alloys of mag- 
nesium are aluminum, zinc, and mangancvse; many alloys contain all 
three. The aluminum content is usually 4 to 10%, zinc 0-3%, and 
manganese about 0,2%. Occasionally silicon, cadmium, or tin are also 
added. The impurities, iron and nickel, are kept below 0.005% each in 
several alloys for improved resistance to salt water corrosion. Manga- 
nese in small amounts improves corrosion resistance. 

The constitution diagrauLs for the magnesium-aluminum and mag- 
nesium-zinc systeias are given in Plat(\s II and III of the Appendix. 
They show that the solid .solubility of aluminum in magnesium varies 
from 3% at room temperature to 12% at 436°C (817°F), and the solu- 
bility of zinc from 1.8 to 8.4% (34(FC, 644°F). Hence tluise alloys are 
susceptible to precipitation-hardening. The solution heat treatment 
requires prolonged soaking for both cast and wrought alloys at a tempera- 
ture, varying with composition, from 630-810'^F. The .solution heat 
treatment is often used alone without a sub.sccpient precipitation heat 
treatment to improve tensile strength and ductility. The precipitation 
heat treatment at about 35()°F u.sually reduces ductility to a rather low 
value without materially increasing ten.sile strength, but the hardness 
and yield strength, which are affected only slightly by the solution 
treatment, are increased very substantially by the precipitation heat 
treatment. Extruded alloys are susceptible to the precipitation heat 
treatment without a previous solution heat treatment. 

Table 31 gives the compositions, properties, and characteristics of the 
more important commercial alloys used in this country. The ranges of 
mechanical properties obtainable with various alloys are approximately : 
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tensile strength 12-50,000 psi, yield strength 4-38,000 psi, elongation in 
2 in. 0-19%, Brinell hardness 33-85, endurance limit up to 18,000 psi. 

DIE CASTINGS 

Die castings are made in metal molds, the molten alloy being forced 
into the dies under pressure. The trend in modem die-casting machines 
is toward high-pressure machines of the plunger type. The cost of the 
mold is usually high, several hundred to several thousand dollars, but 
when a number of duplicate castings is required the cost per casting may 
he considerably less than for sand-cast and machined parts. The smooth 
surface finish of die castings usually permits their use directly without 
any machining or polishing operation, or an electroplated finish can be 
applied directly. The dimensional accuracy of die castings is very high 
and thin sections or intricate shapes can be cast readily. Assembly costs 
can be kept low by the use of inserts of other alloys or nonmetallic 
materials. A large number of small castings can be made in one die, 
depending on the melting temperature of the casting alloy used. Up to 
half a million zinc-alloy die castings or 50,000 to 200,000 aluminum 
alloy castings are normally made in a die under favorable conditions. 

By far the most important die-casting alloys are those of zinc, although 
alloys of aluminum, magnesium, lead, tin, and, to some extent copper, 
an^ also die cast. Modern zinc die-casting alloys are very much superior 
to the zinc alloys produced some years ago, particularly from the stand- 
])oiut of stability. These alloys are made from zinc of very high purity, 
99.99% Zn, and such impurities as tin, cadmium, and iron are held to 
('xtremely low limits. The three common alloys each contain approxi- 
mately 4% A1 and 0.05 Mg, and the copper content is 0, 1, and 3% 
res[)ectively. The copper-free alloy has the best dimensional stability 
whereas the alloys with copper have higher tensile properties, ranging up 
to 48,000 ])si tensile strength and about 19% elongation for the 3% Cu 
alloy. None of the zinc-base alloys is suitable for service at temperatures 
above approximately 200°F, particularly in humid atmospheres. 

The serviceability of good zinc-base die castings is well known in the 
automotive field for radiator grills, door handles, and miscellaneous 
hardware on the modern automobile. 

NICKEL AND NICKEL ALLOYS 

Nickel is a very useful metal both in the commercially pure form and 
as an alloying element in ferrous and nonferrous alloys. The useful 
pro])erties of nickel include resistance to corrosion and oxidation, white 
color, fairly good resistance to tarnish, good mechanical properties, and 
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Table 31. Composition and 


Form 

A.S.T.M. 

Am. 

Mg. 

Corp. 

Dow 

Chem. 

Co. 

Composition, Per Cent 
M agnesiutn- Remai nder 

Uses and Characteristics 

Alloy 

No. 

A1 

Mn 

Zn 



4 

265 

H 

6.0 

0.2 

3.0 


General casting use. 









Sand and permanent mold cast- 









ings. 

Sand 









castings 

17 

260 

C 

9.0 

0.1 

2.0 


Pressure-tight castings. 


I 2 

240 

G 

10.0 

0.1 



Sand and permanent mold cast- 









ings. 


1 3 

246 

B 

12.0 

0.1 



Hard castings, listens. 


11 

403 

M 


1.5 



Best salt w ater resistance. 


1 

244 


4.0 

0.3 



Aircraft tank fittings. 

Die 

12 

230 

K 

10.0 

0.1 


Si 0.5 

Thin section die castings. 

castings 

13 

26;i 

R 

9.0 

0.2 

0.6 


General tlie castings. 

Extruded 

8 

57S 

J 

6.5 

0.2 

0.7 


Irnprovetl strength. 

bars and 

8 

57S 

J 

6.5 

0.2 

0.7 

if) 

Screw machine rod. 

rods 

11 

3S 

M 


1.5 



Best salt water resistance. 


9 

5H.S 

O 

8.5 

0.2 

0.5 

if) 

Bars of high strength. 


15 

74S 

X 

3.0 

0.2 

3.0 

if) 

Heat-treatable bar. 


15 

74 S 

X 







2(e) 

59S 

G 

10.0 

0.1 



Highest hardness and strength. 


18 

52S 

FS 

2.8 

0.3 

1.0 


Good ductility and impact tough- 









ness. 


8 

57S 

J 

6.5 

0.2 

0.7 

if) 

Good strength and vseldability. 

Extruded 

11(e) 

3S 

M 


1.5 



Best salt water resistance. 

structural 

15 

74S 

X 

3.0 

0.2 

3.0 

if) 

Heat-treatable shapes. 

shapes 

15 

7LS 

X 







9(e) 

58S 

C) 

8.5 

0.2 

0.7 

if) 

Improve<l strength. 


2(e) 

59 S 

G 

10.0 

0.1 



Highest hanlness and strength. 


18 

52S 

1 FS 

2.8 

0.3 

1.0 


Good ductility and impact tough- 









ness. 


8(e) 

57S 

J 

6.5 

0.2 

1 0.7 

if) 

Good strength and weldability. 


11(e) 

3S 

M 


1.5 



Best salt water resistance. 

Extruded 

15(e) 

74 S 

X 

3.0 

0.2 

3.0 

if) 

Heat-treatable tubing. 

tubing 

15(e) 

74S 




1 




9(e) 

58S 

! o 

8.5 

0.2 

0.7 


Highest strength tubing. 


18(e) 

52S 

\ FS 

2.8 

0.3 

1.0 


Good ductility. 


8 

57S 

J 

6..5 

0.2 

0.7 

if) 

General forging. Good ductility. 

Press 

11(e) 

3S 

M 


1.5 



Weldable forgings. 

forgings 

9 

58S 

O 

8.5 

0.2 

0.5 

if) 

Forgings, simple design. Strong. 


15 

74S 

X 

3.0 

0.2 

3.0 

if) 

Heat-treatable forgings. 


15 

74S 

X 






Hammer 

10 

65S 


3.5 

0.2 


Sn 5.0 

Hammer forgings. 

forgings 



I. 

3.0 

0.2 


Cd 3.5 

Hammer forgings. 

Uolled 

11 

3S-H 

Mh 


1.5 



Sheet with bestforrnability and salt 

plate, 


3S-0 

Ma 





water resistance. 

sheet and 

8(e) 

57S-H 

J-lh 

6.5 

0.2 

0.7 

if) 

Sheet with best combination of 

strip 


57S-0 

J-la 





strength and salt water resist- 









ance. 


18(e) 

52S-H 

Fsh 

2.7 

0.3 

1.0 


(ieneral-purpose sheet alloy. 



52S-0 

Fsa 





Goo<i forrnability and strength. 


(a) In ICKX) pei. Yield strength is the stress at which the stressnstrain curve deviates 0.2% from 
the modulus line. 

(h) Endurance or fatigue limit for .500 million reversals of the load, in 10(X) psi. 

(c) Solution heat treatment: Soaking at alx)ut fWO to 810°F followed by air quenching. 
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Properties op Magnesium Alloys 


A.S.T.M. 

Alloy 

No. 

Condition 

Tensile 

Strength 

(«) 

Yield 

Strength 

(a) 

Elongation 
in 2 in.% 

Brinell 

Hard- 

ness 

Shear 

Strength 

(a) 

Endur- 

ance 

(6) 

Typical 

Min 

Typical 

Min 

Typical 

Min 

4 

As cast 

27 

24 

11 

10 

5 

4 

51 

17 

10 


Cast; Boln. T. (c) 

37 

30 

12 

10 

10 

6 

53 

18 

10 


Cast; soln. T.; ased (d) 

37 

32 

18 

10 

4 

2 

70 

10 

9 


.As oast 

23 

20 

14 

10 

1 


62 

18 

10 

17 

('ast; 8<)ln. T. (c) 

30 

30 

14 

10 

10 

6 

61 

20 

10 


Cast; soln. T.; aged (d) 

38 

32 

20 

18 

3 

1 

77 

22 

10 

2 

As cast 

21 

18 

12 

10 

2 

1 

53 

18 

8 


Cast; solti. T. (r) 

33 

29 

12 

10 

8 

5 

52 

20 

10 


Cast; soln. T.; aged (d) 

34 

29 

19 

17 

1 


69 

22 

8 

3 

Cast; soln, T.; aged (d) 

32 

27 

20 

17 

0.5 


85 

19 

7 

11 

As cast 

14 

12 

4 


5 

3 

33 

11 



As cast 

24 

20 

9 

8 

0 

4 

44 

14 


12 

As cast 

30 


22 


1 


68 



13 

As cast 

33 


20 


3 


66 



S 

As extrudetl 

43 

40 

30 

20 

17 

12 

54 


17 

11 

.As extruded: 8tretche<l 

44 

40 

32 

20 

15 

12 

.55 

20 

15 

t) 

.As oxtrude<l 

42 

32 

27 

20 

0 

5 

42 


10 

15 

.Vs extruded 

47 

43 

33 

28 

11 

9 

61 


17 

15 

.As extruded 

42 

39 

30 

20 

19 

15 

51 


18 

2(«d 

As extruded; aged 

44 

41 

34 

30 

13 

10 

54 


17 

IS 

As extruded; stretched 

51 

45 

38 

33 

9 

6 

70 

23 

16 


As extrudc<l; stretched 

40 

37 

30 

25 

17 

12 

50 

19 

12 

11(e) 

As extruded 

35 

30 

23 

16 

6 

3 

42 



15 

As extrutled 

42 

39 

25 

22 

17 

10 

59 



15 

A8extrude<l: aged 

43 

40 

28 

25 

14 

8 

62 



<)(e) 

As extruded 

44 

40 

29 

25 

11 

8 

1 i>8 



2(6) 

.Vs extruded 

48 

45 

37 

30 

9 

0 




IH 

.Vs extruded 

30 

35 

28 

22 

15 

11 




H(e) 

.Vs extruded 

40 

30 

19 

17 


7 

55 



11(6) 

.As extruded 

35 

32 

17 

17 

5 i 

3 

40 



15(6) 

A.s extruiled 

40 

30 

19 

17 

9 

7 

55 



15(6) 

Vs extruded; aged 

41 

37 

22 1 

19 

7 

6 

59 



0(6) 

.Vs extruded; aged 

12 

39 

29 

25 

5 

4 

60 



l.S(6) 

.Vs extruded 

35 

32 

10 


11 


50 



8 

.Vs forged 

41 

38 

25 

22 

9 

6 

56 

21 

17 

11(6) 

.As forge<l 

33 

29 

19 

12 

6 

2 

43 



0 

.Vs forged 

4.) 

42 

30 

24 

7 

5 

69 

22 

18 

15 

.As forgcil 

41 

38 

24 

20 

16 

9 

59 


17 

15 

■As forged; aged 

42 

38 

28 

22 

14 

7 

62 


17 

U) 

.As hammer forged 

38 

35 

22 

20 

12 

C 

52 

16 

10.5 


.Vs hammer forged 

37 

34 

20 

19 

11 

0 

51 


10.5 

11 

.As hard roller 1 

37 

32 

27 

24 

9 

4 

53 




.Vi mealed 

32 

(35 max] 

1 10 


15 

12 

44 

17 


«(e) 

.As hard rolle<l 

45 

40 

35 

28 

8 

3 


21 

8 


.Annealed 

40 

(45 max] 

1 25 


15 

8 


20 



As hard rolle<l 

45 

38 

35 

20 

9 

4 




18(c) 

Annealed 

30 

32 

22 


18 

12 





((i) Solution treatment followed by artificial aKing at about 350®? (precipitation hardening). 

(c) This form not listeil in the A.S.T.M. specifications. 

(/) Dowmetal J-1, 0-1, X-1, and AMCots limited to 0.005% Fe max and 0.005% Ni max for improved 
resistance to salt water, 
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Table 32 . Properties of 


Alloy 

Composition 

Form 


Ni 4-Co 







"A” nickel 

99.4 






Sheet 

“Z” nickel 

98 4- (C. Ti, Mg) 





Wire 

Ni-Mn, “E” 

97.5 

Mn 2 





Hot-rolled rod 

Ni-Mn, “D” 

94.5 

Mn 4.7 





Hot-rolled rod 

Ni-Mn, 15% 

84.3 

Mn 15 






Cast nickel 

97 + 

Si 1.25, 

Mn 0.5, 

Fe 

0.5 


Cast 

Monel “B” 

67 

Cu 30 

Fe 1.4 

Mn 

1 


Wrought 

Monel free machining **R** 

67 

30 

1.4 


1 

(S 0.035) 

Wrought 

Monel hardenable "K” 

66 

29 

0.9 


0.4 

(A1 2.75) 

Hot rolled 

Cast Monel 

67 

29 

1.5 


0.9 

(Si 1.25) 

Cast 

Cast Monel H 

65 

29.5 

1.5 


0.5 

(Si 3) 

Cast 

Caat Monel S 

63 

30 

2 


()..") 

(Si 4) 

Heat treate<i 

Cupro-nickel 

70-85 

Cu 15-30 

(Sn 0-1) 




Wrought 

Nickel silver 

18 

Cu 64 

Zn 18 




Wrought 

Nickel silver 

16 

60 

16 

Pb 

5 

Su 3 

Cast 

Nickel silver 

20 

65 

6 


5 

4 

Cast 

Nichromc 

62 

Cr 15 

Fe 23 





Inconel 

79 

13.5 

7 





Hastelloy A 

60 

Mo 20 

20 





Hastelloy B 

65 

30 

5 





Hastelloy C 

60 

17 

8 

Cr 

15 



Weetinghoxise 







Heat treated 

K-42-B 

45 Ni 

Co 25 

Cr 20 

Ti 

2 

Fe 7 









Test at 1100°F 


good working properties. It is one of the most useful of alloying ele- 
ments since it forms tough and ductile solid solution alloys with many 
of the common metals. In many alloys a relatively small addition of 
nickel produces important changes in properties. For use in the prepar- 
ation of alloys it is available in the form of electrolytic cathode nickel, 
remelted electrolytic nickel blocks or shot, carbonyl nickel pellets, cubes 
or rondules reduced from the oxide without fusion, and powdered nickel. 
The purity of the electrolytic grade is about 99.5% nickel or 99.95% 
nickel plus cobalt. 

Wrought-Nickel and High-Nickel Alloys 

Small amounts of sulfur cause brittleness in nickel and the so-called 
malleable or ‘‘ deoxidized grades of nickel which are used in the 
wrought form are produced by adding manganese; this converts th(^ 
sulfur into a less harmful form. Sulfide embrittlement is likely to occur 
in any of the alloys containing substantial amounts of nickel if these are 
exposed to sulfur-bearing gases at elevated temperatures. 
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Nickel Alloys 


Tensile 
Strength, 
1000 psi 

Yield 
Strength, 
1000 pei 

Elonga- 

tion, 

% in 2" 

Brinell 

Hardneae 

Number 

Cbaracteriatica 

75-120 

20-110 

48-5 

100-2(K) 

Wrought nickel 

90-240 

28-150 

50-2 

1.50-380 

High strength wrought nickel 

«1 

32 

45 

140 

Spark plug electrodes 

86 

34 

40 

147 

Spark plug electrodes 

95 

38 

38 

155 

Spark plug electrodes 

55 

21 

22 

120 

Nickel castings 

65-130 

25-115 

50-2 

120-220 

Original Monel Metal 

75-100 

35-90 

45-5 


Free machining. Hot short. 

97-130 

58-112 

38-5 

38-215 

Soln. H. T. Quench from 1425®F: 14 hr at 1080°F, slow 

cool 

70 

35 

30 

140 

Corrosion-resistant castings 

85 

50 

15 

190 

Strong castings, hardened by H. T. 4 hr 1100®F, slow cool 

no 

80 

2 

300 

Strong castings, hardener! by H. T. 4 hr 1100®F, slow cool 

140-170 

100-120 

18-6 

250-290 

Ppt. H. T. Quench from 142.5°F 4 hrs at 1100®F, slow cool 

40-83 

14-80 

.50-3 

80-145 

Marine condenser tubes 

50-95 

10-80 

43-3 

RB .30-90 

White alloys very similar to brasses, nickel brasses 

35-45 

17-24 

15-30 

65-80 

White alloys very similar to brasses, nickel brasses 

42-48 

25-30 

12-16 

90-100 

White alloys very similar to brasses, nickel brasses 

95-175 


35-0.5 

1.55-275 

Heat- and corrosion-resistant 

85-170 

28-140 

53-10 

115-3.50 

Heat- and corrosion-resistant 

69-120 

42-52 

48-8 

15.5-215 

High corrosion resistance 

75-140 

5.5-65 

45-6 

190-23.5 

High corrosion resistance 

72-80 

4.5--48 

1.5-10 

210-235 

High corrosion resistance 

165 

104 

29 


High strength, oxidation resistance at elevated tempera> 
tures 

127 

86 

21 


High strength, oxidation resistance at elevated tempera- 
tures 


The common commercial grade of wrought nickel is known as “ A 
Nickel it contains about 99.4% nickel plus cobalt, and is available in 
many forms including hot-rolled or cold-drawn rod, bar, wire, sheet, strip, 
plate, and special shapes. Nickel-clad steel is also available. The 
mechanical properties of A Nickel are given in Table 32. 

A precipitation-hardening alloy known as “ Z Nickel,” containing 
over 98% nickel plus cobalt with small amounts of carbon, titanium, 
and magnesium, is capable of developing very high tensile properties. 
The recommended heat treatment includes an annealing ” or solution 
heat treatment at 1950°“2000°F, followed by quenching, after which the 
alloy can be cold worked readily. The precipitation heat treatment for 
hardening consists of heating to 910°F for 8 to 16 hours. The mechani- 
cal properties of Z Nickel are given in Table 32. 

Cast Nickel 

Nickel is sometimes used for corrosion-resistant castings, particularly 
for applications where contamination with copper or iron must be 
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avoided. Small amounts of silicon, manganese, and magnesium are 
added to facilitate the production of sound, ductile castings. Lead, tin, 
and zinc should be absent and the sulfur content should be below 0.01%. 
The composition and properties of cast nickel are given in Table 32. 

Nickel-Manganese Alloys. Resistance to sulfur gases is improved by 
manganese additions to nickel and several wrought alloys, containing 


Table 33 . Electrical Resistor Alloys 


Trade Names 

Compo- 

sition 

Reeiativity 68®F 
Ohma Microhma 
C.M.F. Cu cm 

Temp. 
Coeff. 
Reaistivity, 
68-21 2° F 

Maximum 

Operating 

Temp., 

°F 

Melt- 

ing 

Point. 

op 

Uaea and 
Characteriatica 

Nichrome 11 
Chromel A 
Tophet A 

Ni 80 

Cr 20 

650 

104 

O.OOOOO^ 

2100 

2540 

1-dectrical heating 
elernenta. 

Nichrome 
Chromel C 
Tophet C 

Ni 62 

Cr 15 

Fe bal. 

675 

109 

0.000094 

1850 

2400 

Klectrical heating 

elernenta. 

Cromin D 
Comet 

Ni 30 

Cr 5, Fe 65 

575 

96 

0.00038 



Low temperature 
controls. 

Climax 

Ni 28. Fe 72 

525 

87 

0.0006 

1500 

2550 

Cheap heating ele- 
ments. 

Smith alloy 
#10 

Hoekins #10 

Cr 37.5 

A1 7.5 

Fe 55 

1000 

164 

0.00012t 

2600 

2830 

liriitle at room temp. 
Weak at operating 
temperature. 

Kanthal A 

Cr 25, A1 5 
Co 3, Fe 67 

850 

139 

0.00(X)5t 

2375 

3000 

Heating elernenta. 
Weak at operating 
temp. 

Ohmaloy 

Cr 15 

A1 5, Fe 80 

750 

123 

0.00005 

21(Xj 

2010 

Resistors. Weak at 
elevated tempera- 
tures. 

Constantant 
Copel, advance, 
Ideal, cupron. 

Ni 45 

Cu 55 

294 

49 

±0.00001 

800 

2400 

T.ow temp, coeffi- 
cierrt rheostats. 

Manganin 

Cu 84, Mn 12 
Ni 4 

290 

(44) 

48 

±0.00001 

05 


Shunts. Resistors. 
Low temp, only 

Commercial 

platinum 


72 

12 

0.0021 

3100 

3224 

Resistors high temp. 

Commercial 

molybdenum 


33 

5 

0.0025 

1300 

4748 

Used in reducing 
atm. 

Ni “ A •' 


65 

92 

0.0025 

9f)0 

2646 

High temp, coef- 
ficient 


* 6S-800®F approximately zero above 800®F. t Negative above 1700°F. J 68--1650®F. 


respectively 2, 4.65, and 15% Mn, are available for such applications as 
spark plug electrodes and ignition tubes. 

Nickel-Berylliiun Alloys. Nickel-beryllium alloys which have been 
developed recently are susceptible to the precipitation-hardening type of 
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heat treatment and have very high tensile properties. An alloy con- 
taining 1.9-2.5% Be, 0.5~1.0% Mn, balance Ni, has a tensile strength of 
up to 260,000 psi. 

Nickel-Copper Alloys. Nickel and copper dissolve in each other in 
all proportions in the solid state to form a series of useful alloys having 
good corrosion resistance, mechanical properties, and working proper- 
ties. The alloys containing over 15 or 20% nickel are white in color, and 
the copper-rich alloys in this series are in some respects closely related to 
other copper-base alloys such as brasses. Cupro-nickel containing 20 
to 30% nickel is used chiefly for marine condenser tubes. The composi- 
tion of American nickel coins is 25% nickel, 75% copper. Constantan, 
45% nickel and 55% copper, is used in the form of wire for rheostats 
and thermocouples (Table 33). 


Ni 



Fig. IIS. Constitution of coppor-nirkel-zinc alloys at 25®C. 

Monel Metal. Monel metal is a natural alloy of about two-thirds 
nickel and one-third copjier, the proportion in which these two metals 
occur together in some Canadian ores. The alloy resembles nickel in 
color and corrosion-resisting properties. Several grades of Monel metal 
are available, each especially suited for certain applications; some are 
susceptible to a precipitation-hardening heat treatment; some are 
special casting alloys; one is free-machming, and another has the best 
ductility. The properties of these alloys are given in Table 32. 
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Nickel Silver. Nickel silver, German silver, or nickel-brass is an 
alloy of copper, zinc, and nickel, and can be regarded as a brass to which 
enough nickel has been added to change the color to white (usually 7 to 
30% Ni). The constitution of the ternary system at room temperature 
is given in Fig. 118. 

Most commercial nickel-silver alloys fall in the alpha solid solution 
range of compositions, the only important exception being the a + 
extrusion alloy. In working and mechanical properties, summarized in 
Table 32, these alloys are analogous to the corresponding a and a + jS 
brasses. Nickel has a mild hardening effect, increasing tensile proper- 
ties slightly at the expense of a slight decrease in ductility. The com- 
position ranges of commercial 
alloys are given in Fig. 119. 

The 18% nickel alloy is used 
widely since this nickel content 
represents a minimum for alloys 
substantially white in color. The 


12.5 15 20 25 30 

Per Cent Zir\c Per Cent Nickel 

Cowiuy KVilffren, A.S.M. Handbook Courtesy A, S.M. Handbook 

Fig. 119. Composition ranges of Fig. 120. Color trends of nickel silvers, 
nickel silvers. 

relation between composition and color of the copper-nickel-zinc alloys 
is given in Fig. 120. 

The copper content of most wrought nickel-silvers ranges between 60 
and 65% whereas most casting alloys contain 55 to 65% Vai, 12 to 25% 
Ni, 2 to 4% Sn, 1 to 10% Pb, balance zinc. Lead promotes machina- 
bility and is sometimes added to wrought nickel-silvers (1 to 2% Pb) 
used for keys, screws, bolts, nuts, valves, and lock parts. Leaded 
nickel-silvers are hot short and have inferior cold-working prop- 
erties. 

The uses of nickel silver are based on its white color, fair resistance 
to tarnish, a resistance to corrosion slightly better than that of brasses, 
and good working properties. Some of the important uses are : silver- 
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plated tableware, food-handling equipment, architectural trim, hard- 
ware, and marine fittings. 

Electrical Resistance Wires. Electrical resistance wires for heating 
elements and rheostats are made of special alloys with high electrical 
resistivity (which should remain fairly constant with temperature 
changes) and resistance to oxidation with suitable strength at operating 
temperatures. For heating elements, long life at high temperatures is 
most important, whereas for rheostats and resistors operating at lower 
temperatures a nearly constant resistivity is desirable. Table 33 lists a 
number of the more important commercial alloys and metals used for 
this purpose together with their characteristics. 


BEARING-METAL ALLOYS 

The desirable characteristics of a bearing metal are extremely diverse 
and no single alloy possc^sses all of them. For instance, one requirement 
is resistance to wear, a quality normally associated with high hardness, 
and another useful property is plasticity, usually found in soft alloys. 
Depending upon the type of service for which it is intended, a bearing 
metal may be required to have several of the following characteristics to 
various degrees: wear resistance, sufficient plasticity to facilitate uniform 
load distribution, high compressive strength and resistance to pounding 
at operating temperatures, capacity for retention of an oil film on the 
bearing surface, low coefficient of friction ^vith the shaft material (impor- 
tant primarily during metal-to-metal contact when lubrication is imper- 
fect), low tendency toward galling or seizing, high thermal conductivity, 
good bonding characteristics with the backing material, high melting 
temperature, corrosion resistance, low tendency to scratch or wear the 
shaft, self-lubricating properties, and low cost of installation and mainte- 
nance. Data ol)tained from tensile and hardness tests are often mis- 
leading when used as a basis for judging the merits of a bearing metal 
alloy. 

Special alloys have been developed for various types of service, but 
the demands of the designing engineer are constantly changing and new 
alloys or new methods of application are sometimes required to meet 
these demands. The former c\istom of using thick linings of bearing 
metal is being changed and there is a definite trend toward the use of 
much thinner linings. Extremely thin coatings of silver, tin, or lead 
over steel or other special backing alloys have been used successfully for 
bearings. 

A microstructure which includes both a hard, wear-resistant constitu- 
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ent and a softer, more plastic constituent has long been regarded as the 
ideal structure for a bearing alloy. The facts that ordinary bearing 
bronze is used in the as cast condition with a dendritic and segre- 
gated structure, and that any sort of homogenizing treatment definitely 
lowers its performance as a bearing alloy tend to confirm this theory. At 
least the rule seems to hold true for almost all the successful bearing 
alloys which are used in the form of thick linings. In pure metals used 
as very thin coatings, it is possible that the structure of the backing 
material may be an important factor. 

White-Metal Bearing Alloys 

The bearing alloys of tin, lead, and cadmium are characterized by a 
high degree of plasticity and relatively low fusing temperatures. The 
lead- and tin-base alloys are used very widely and both are frecjuently 



Fig. 121. Tin-base babbitt. X 100. 


called ** babbitt nietaV although the original alloy developed by 
Babbitt was a tin-base alloy. The tin-base babbitts have been used for 
over a century with only slight modifications in composition. The 
principal hardening elements are antimony, usually 4.5 to 12%, and 
copper, 1.5 to 8.3%. The present trend is toward standardization on 
alloys falling near the middle of these ranges. Two typical alloys are the 
S.A.E. No. 11, about 7 Sb, 5.7 Cu, and A.S.T.M. No. 2 , 7.5 Sb and 3.5 
Cu. Alloys containing less antimony and copper are used mainly for 
very thin linings in shells of steel or bronze. Lead tends to lower the 
melting temperature of tin-base alloys and in high-grade alloys is kept 
below 0.35%. 

The microstructure of tin-base babbitt is illustrated in Fig. 121. Two 
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hard and wear-resisting compounds are present, SbSn cubes and CuSn 
needles, embedded in a plastic tin-rich matrix (actually a fine eutectic). 
Proper distribution of these constituents is obtained by control of the 
casting temperature and the use of preheated molds. 

In spite of their relatively high cost, the tin-base babbitts are used 
for a wide variety of applications, particularly where high speeds and 
moderately high bearing pressures are involved. The operating tem- 
perature can be slightly higher than for lead-base alloys, and the tin-base 
alloys have better resistance to deformation under impact. 

Because of their low cost, lead-base bearing alloys are used most 
extensively and they are especially suitable for lightly loaded bearings. 
There are two main groups of lead-base alloys in use: for the first group, 
antimony, or more often antimony and tin, are the principal alloying 
elements; the second group includes alloys hardened with calcium and 
related elements. 

Simple, binary lead-antimony alloys are the cheapest but are very 
inferior in wear resistance. The 90-10 and 85-15 alloys are sometimes 
used for slow-moving machinery with light bearing pressures. The 
eutectic in the lead-antimony system occurs at 12% Sb and alloys 
containing over this amount of antimony have a microstructure con- 
sisting of some primary antimony crystals in a matrix of the lead- 
antimony eutectic. 

Tin additions to the lead-antimony alloys have a beneficial effect, 
particularly with respect to wear resistance and toughness. Even 
small additions, on the order of 2 to 5%, are very much worth while and 
it is doubtful if the straight binary lead-antimony alloys are economical 
to use in any application. Most of the alloys used fall in the following 
composition range: lead 03 (min), antimony 10-15, tin 2-20. The 
microstmcture of these alloys is similar to that of the l)inary lead-anti- 
mony alloys but an additional microconstituent is present, the compomid 
SbSn in the form of cubes. Both the primary antimony and the SbSn 
crystals are lower in specific gravity than lead, and since these freeze 
first during the solidification of the alloy there is a tendency toward 
segregation of these constituents in the upper portion of the casting. 
Proper control of casting temperature and mold temperature are required 
in order to obtain the correct particle size and distribution of these 
constituents. Small amounts of copper (l--2%) are added to alloys 
containing near the maximum amount of tin for the purpose of limiting 
the degree of segregation. Arsenic has a similar effect, but tends to 
cause brittleness. Wear resistance can be improved by the addition of 
about 1% nickel. A commercial alloy of this type known as Thermit ” 
metal contains about 15 Sb, 1 Cu, 6 Sn, 1 Ni, 1 Cd, and 0.5 As. 
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The relative wear resistance of several tin-, lead-, and cadmium-base 
bearing metals was determined by the National Bureau of Standards in 
cooperation with the War Department, and service tests in the U. S. 
Army Class B trucks indicated results similar to those obtained with a 



Revolutions 

Courtesy National Bureau of Standards 

Fia. 122. Relation between wear and revolutions for white-metal bearing alloys 
tested on Amsler wear-testing machine. Alloys tested against S.A.E. 1045 steel 
heat-treated to Brinell hardness of 240. 

universal Amsler wear-testing machine ” modified for rolling resistance 
at low loads with kerosene as a medium. Table 34 gives the chemical 
analysis of the metals and Fig. 122 shows their relative wear resistance. 

Lead-Calcium Bearing Alloys 

This type of alloy is used extensively in Germany especially for rail- 
road service, but is not very popular in this country. The German 
alloy known as Bahnmetall contains about 98.6% Pb, 0.7% Cu, 0.6% Na, 
0.04% Li, and 0-0.02% Al. The best known American alloy of this 
type, Satco, contains a fraction of one per cent calcium, about 1% tin, 
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and a small amount of magnesium as the principal hardening elements. 
Other alloying elements which have been used to a lesser extent are Ba, 
Sr, K, Cu, and Hg. The mechanical properties of these alloys are very 


Table 34. Results of Chemical Analyses of White- Metal Bearing Alloys 


Alloy Designation 

Lead 

% 

Tin 

% 

Anti- 

mony 

% 

Cop- 

per 

% 

Cad- 

mium 

% 

Zinc 

% 

Other Constituents 

% 

No. 1 


90.9 

4.6 

4.5 




No. 3 


83.8 

8.1 

8.1 




No. 6 

62.3 

20.8 

15.5 

1.4 




No. 7 

78.8 

8.4 

12.8 





No. 8 

79.7 

5.0 

15.3 





No. 10 

87.0 I 

1.2 

11.8 





No. 11 

88.1 1 


11.9 





Hardened lead F* 

96.93 

0.18 


0.1 



Hg 0.33, Ba 1.70, Ca 0.70 

Hardened lead Bf 

98.0 






Na 0.65, K 0.3, Ca 0.75, Li 0.4 

C'admiurn-zinct 





82.0 

18 


A** 

80.6 

3.8 

13.5 

1.0 

0.2 


Ni 0.2, As 0.6 


Analysis by the National Lead Co. 
t Nominal composition as given by the Maywood Chemical Co. 
t Nominal composition. 

’•^Analysis made by J. A. Scherrer, Bureau of Standards. 

good, but their {loor corrosion resistance, difficulty in casting and remelt- 
ing, and relatively high cost as compared with other lead-base alloys 
have limited their usefulness. 

Cadmium-Base Bearing Metals 

Cadmium-base liearing metals have been used to some extent to 
replace tin-base babbits. They can be used at higher bearing pressures 
and better wear resistance is also claimed. High cost and susceptibility 
to corrosion by certain types of lubricating oils containing fatty acids 
are their chief disadvantages. The hardening elements are Cu 0-3%, 
Ag 0-3%, Ni 0-3%, and small amounts of indium and magnesium have 
also been added. The two types most commonly used in this country 
are the cadmium-copper-silver (0.7 -2.9 Ag) and the cadmium-nickel 
(1-3 Ni). The cadmium- nickel alloys have very good bonding char- 
acteristics with steel. 

BEARING BRONZES 
Copper-Base Bearing Alloys 

A wide variety of copper-base alloys has at times been specified for 
service in bearings and bushings, but the leaded tin bronzes have been 
found the most useful. Compared with the white-metal bearing alloys, 
the bearing bronzes have a much higher load-carrying capacity and re- 
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sistance to pounding, but have much less plasticity. They also tend to 
wear a soft steel shaft and are therefore recommended only for use with 
hardened steel journals. The compositions of the most widely used 
alloys fall in the range Sn 5-10, Pb 5-30, Zn 0-3, Cu 63-85. Tin 
bronzes without lead, of the gun metal, gear bronze, or phosphor-bronze 
types, have also been used for low speed bearings but have poorer 
resistance to wear and lower plasticity. 

The most widely used bearing bronze is the 80-10-10 composition 
which has good resistance to wear and to pounding and fair plasticity. 
It can be used for most applications where bearing bronze is required. 
This alloy may also contain up to about 3% zinc. High zinc alloys 
(brasses) have inferior resistance to wear and are not used for bearing 
purposes. Phosphor-bronzes are not good hearing metals but the term 
phosphor-bronze is used occasionally to mean a leaded tin-bronze. 

Both tin and lead tend to improve wear resistance and the effect is 
greater when both elements are present. Antifriction properties are 
improved by lead additions but lowered by tin, particularly if the tin 
content exceeds approximately 10%. Resistance to pounding is in- 
creased by tin, especially in the range above about 6% tin, and is affected 
only slightly by the lead content. Plasticity is improved by high lead 
content and two common high-lead alloys are the 78-7-15 and the 
70-5-25 compositions. The high-lead alloys can be used at higher 
bearing speeds. Some difficulty is encountered in obtaining uniform 
distribution of lead in alloys containing over approximately 15% lead, 
and chill casting or the addition of nickel or other element are sometimes 
found necessary. Lead is almost insoluble in bronze in the solid state 
and should be uniformly distributed in the form of small globules of 
free lead. Bearing bronzes are always used in the cast condition and 
have a dendritic or cored structure which seems to be beneficial for this 
type of service. Alloys containing over approximately 7% tin also 
contain some of the hard delta phase. 

Copper-lead or tin-free leaded bronze ” is used in place of tin- or 
cadmium-base bearing alloys when high mechanical properties at 
elevated temperatures are required, as in connecting rod bearings in 
aircraft and automotive truck engines. They have also been used to 
some extent in rolling mill and railroad service. The properties of these 
alloys may be considered as intermediate between those of bearing 
bronzes and white-metal alloys. Since the lead content is always high, 
usually 25 to 40%, these alloys have more plasticity than the bronzes. 
The problem of obtaining uniform lead distribution in their manufacture 
is even more severe than in high lead-tin bronzes. Lead segregation 
can be reduced by small additions of tin, nickel, silicon, zirconium 



BEARING BRONZES 


267 


sulfide, etc., and chill casting is also beneficial. These alloys are often 
used in the form of thin coatings on a steel shell. Some trouble has been 
encountered with corrosion by lubricating oils containing fatty acids. 

Graphite-Bronze and Oil-Impregnated Bearings 

Bearings which are likely to be operated with irregular or interrupted 
lubrication are usually made of an alloy containing graphite or some 
other lubricant impregnated in a porous alloy or of bearing bronze with 
a graphite paste lubricant inserted in slots or holes in the bearing surface. 
The most common bearing material of this type, graphite-bronze, is 
made by powder metallurgy. Powdered copper and tin or powdered 
tin-bronze are mixed with graphite, compressed into the form of a 
bushing or bearing under high pressure and finally sintered to con- 
solidate the metal particles. The porosity of the product can be con- 
trolled accurately and some of these alloys are capable of absorbing 
substantial amounts of oil. The strength of these alloys is usually low, 
particularly alloys of high porosity or high graphite content, so they need 
to be supported by a strong backing material. 

Many other materials have been used for special types of bearings, 
including aluminum bronze, brass, cast iron, cast aluminum alloys, 
zinc-base die castings, and some nonmetallic substances such as wood, 
plastics, impregnated fabrics, hard rubber, and lignum-vitae. 
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CORROSION 

The highly important subject of the corrosion of metals is considered 
briefly here with special emphasis on the type of corrosion known as 
electrolytic or galvanic. The types of corrosion commonly encountered 
may be classified as: direct chemical attack or solution; pitting corro- 
sion; and galvanic or electrolytic corrosion involving the principle of 
the electric battery or electrolytic cell. 

Electrol 3 rtic Corrosion. When two dissimilar metals or alloys, in 
electrical contact with each other, are exposed to an electrolyte, one of 
the metals is corroded much more rapidly than if there were no contact 
between them. The electrolyte may be a very weak one, even ordinary 
tap water. The two metals become the electrodes of a small battery 
and an electric current actually flows through the electrical contact 
while one of the metals, the anodic electrode, goes rapidly into solution. 

The driving force in this type of corrosion is the voltage developed 
by the electrolytic cell. Two metals or alloys listed far apart in Table 35 
develop a high voltage and corrosion is very rapid when they are present 
together in an electrolytic cell. Of the two, the metal listed nearer the 
top of the table is the one which is corroded whereas the other, sometimes 
called “ more noble, is actually protected against corrosion by the cell. 
The table is McKay and Worthington \s modification of the well-known 

electrochemical series built upon actual experience with corrosion 
problems. 

This type of corrosion takes place only when tlui (‘lectrical circuit is 
complete through the metals and solution. Distilled water and air are 
such poor conductors that the metal ions of the anode do not readily go 
in solution but when impure water and various salts are added galvanic 
corrosion may take place rapidly as in sea water, strong acids and 
alkalies. Joints well insulated keep an open circuit and frequently 
inhibit galvanic action or stop it completely. 

Frequently an interference to the passage of current results from 
formation of insoluble films (polarization). Galvanic corrosion is 
usually closest to contact points of dissimilar metals except in elec- 
trolytes of highest conduction. Small anodes are rapidly corroded but 
large anodic areas give increased protection. 
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Table 35. The Galvanic Series of Metals* 

Corroded End (Anodic) 

Magnesium This series is based upon actual experience 

Aluminum 

Duralumin corrosion and laboratory measurement. 

Metals grouped together have no strong 

Zinc 

Cadmium tendency to produce galvanic corrosion on 


Iron 

Chromium iron (active) 
Chromium-nickel-iron (active) 

Soft solder 

Tin 

Lead 


each other; connecting two metals distant 
on the list from each other tends to corrode 
the one higher in the list. Voltage figures 
are not given because these vary with every 
new corrosive condition. Relative positions 


Nickel 

Brasses 

Bronzes 

Nickel-copper alloy 
Copper 


of metals change in many cases but it is 
unusual for changes to occur across the spaces 
left blank. The chromium-iron and chro- 
inium-nickel-iron change positions as indi- 


('hromium (passive) 
Chromium-nickel-iron (passive) 

Silver solder 


cated depending on oxidizing conditions, 
acidity and chlorine in solution. The 
series as it stands is correct for many 


Silver 

Gold 

Platinum 


common dilute water solutions such as sea 
water, weak acids and alkalies. 


* McKay and Worthington, “ Corrosion Resistance of Metals and Alloys,” A.C.S. Monograph 71, 
1936. 


There are actually four possible types of electrolytic corrosion caused 
by: 

1. Two different metals in the same electrolyte. 

2. Two different metals in different electrolytes. 

3. One metal in two different concentrations of the same electrolyte. 

4. One metal in different electrolytes. 

Pitting. Pitting, as the name implies, usually results from localized 
corrosion and may be from two causes: (1) when the corrosion product 
or film covers and protects most of the metal, thereby forming holes or 
pits where the film is broken and there is no protection, and (2) when 
metals have inclusions or are not too homogeneous structurally they may 
corrode galvanically or directly. Inclusions may hold moisture and 
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other solutions different from the corroding medium and pitting may 
also occur from different concentrations of the solution (concentration 
cell). This latter case is considered to be most destructive and most 
common in the formation of pits. 

Nonhomogeneity vs. Corrosion. When metals are homogeneous 
there is less chance for corrosion, as evidenced by high-purity iron, zinc, 
aluminum, and other high-purity metals when there is present only 
one solid phase. Segregation in metals and concentration of inclusions, 
therefore, aid in electrolytic corrosion. The dispersion of carbides in 
troostite aids in lowering its corrosion resistance when compared to other 
microconstituents of steel, according to Speller. 

The susceptibility to intergranular corrosion of 18-8 stainless steels 
(in all commercial carbon contents) after being heated above 850°F for 
long periods of time is probably caused by precipitation of a chromium 
carbide phase at the grain boundaries, and lowering the chromium con- 
tent of the austenite in these zones. Likewise, the intergranular corro- 
sion of duralumin-type alloys is caused by some grain boundary pre- 
cipitation of the compounds, mostly CUAI2. 

The intergranular corrosion of a lead-shot alloy containing only 1% 
magnesium proceeds because there is a eutectic of a lead-magnesium 
solid solution and PbMg2 which is surrounding the a phase. 

In the above cases it should be noted that lack of homogeneity, 
especially when there is a high difference in potential, is the cause of 
electrolytic corrosion. 

Effect of Stress on Corrosion. Cold-worked metals are anodic to 
those same metals in the annealed state. The season cracking of a-brass, 
70-30 cartridge cases, may result when there is too much cold working 
in the forming operations, causing high internal stress. This inter- 
granular corrosion may take place in storage and readily results in 
brasses from 20 to 40% zinc after exposure to ammonia gas. Cold- 
worked Monel has also been known to crack when handling mercury 
and some of its salt solutions, whereas annealed Monel is satisfactory. 

A well screen made of cold-drawn Everdur bronze was found to have 
disintegrated by intercrystalline corrosion when exposed to mercury 
which had escaped from a pump. Its structure is shown in Fig. 123. 
Generally, the higher the residual stre&s the greater is the tendency to 
crack. The austenitic stainless steels have a strong tendency to crack 
with high stress and this susceptibility can be checked by boiling speci- 
mens in a 10% H2S04-10% CUSO4 solution. 

The embrittlement of cold-worked boiler steel of 0.18-0.24% C, 
which has frequently been termed “ caustic embrittlement but has 
since been found to be intergranular corrosion not caused by high- 
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purity caustic soda, is caused by small amounts of many different salts 
in boiler waters. Here, again, a thorough stress-relieving anneal re- 
moves the embrittlement. 

Welded mud drums for high pressure steam are now thoroughly 
annealed in large furnaces and have given no trouble from embrittle- 



Fia. 123. Intercrystalline corrosion cracks in Everdvir bronze. Cu 96%, Si 3%, 
Mn 1%. Cold drawn and exposed to mercury at bottom of well 100 ft deep. 

X 100. 

ment. In this modem construction there are no cold-worked rivets, 
holes, or girth straps which may concentrate harmful salts and cause 
electrolytic corrosion due to a concentration cell. 

SOLID SOLUTIONS FOR CORROSION RESISTANCE 

In making inexpensive alloys for high resistance to corrosion in 
certain media, it is desirable to have solid solutions where the solute 
atoms are either more noble or else behave as such by a film action. 
Stainless steel, for example, has about 18 % of chromium atoms by 
weight which are in sufficient concentration to prevent the dissolving 
away of the iron atoms by radicals having large atomic volumes such 
as NO3 and SO4. 

It is recognized that chromium atoms give the stainless irons and steels 
their relatively high corrosion resistance passivity by the forma- 
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tion of an oxide film. They are far more resistant with oxidizing con- 
ditions than with reducing conditions. Anodized films on aluminum- 
base alloys, sodium dichromate films on magnesium-base alloys, and 
oxide films of copper, brass, and bronze aid materially in protecting these 
metals. Alpha brasses frequently corrode in localized areas by de- 
zincification when exposed to salt water having good conductivity with 
slight acidity in the presence of oxygen. This occurs only when the 
protective film is broken. 

Tammann^ found that when gold alloys containing copper or silver 
from % (100 at.%) down to % (50 at.%) were parted in hot nitric acid 
there was no appreciable solution of the copper or silver. Alloys of % 
copper or silver and above were readily parted and only the gold re- 
mained. This example shows the importance of a sufficient number of 
the more noble atoms in protecting a baser lattice for corrosion resistance 
for a definite set of conditions. 

CORROSION OF IRON AND STEEL 

The rusting of iron and steel is commonly caused by the combined 
action of moisture and oxygen. The reddish iron rust does not offer 
much film protection against further corrosion. Iron dissolves to a 
very limited extent in distilled water to form a saturated solution of 
ferrous ions if the water is free of O 2 and CO 2 and in a stoppered bottle. 
If the stopper is removed oxidation begins 

2Fe(OH2) + H 2 O + O = 2Fe(OH)3 

and ferric hydroxide forms as a reddish brown precipitate which even- 
tually forms a hydrous ferric oxide, Fe 203 , or rust. Both water and 
oxygen are always required for the formation of rust. 

Protective Coatings, Metallic coatings are usually applied to iron 
and steel by hot dipping, electroplating, cementation, or metal spraying. 
One of the most satisfactory and inexpensive coatings for atmospheric 
exposure is zinc applied by hot-dip galvanizing. Zinc is anodic to iron, 
so the coating need not be perfect, and the protection offered is almost 
directly proportional to the weight of coating applied. A coating of 
tin, which is cathodic to iron, must be relatively free of porosity to give 
good protection. Tin plate, used extensively in the canning industry, 
has been produced mainly by the hot-dipping process, but recently the 
electroplating process has been improved to give a thin coating of low 
porosity. Other coatings commonly applied by electroplating include 
nickel, chromium, zinc, cadmium, copper, silver, gold, and rhodium. 

* Tammann, Lehrhuch der M^loilkunde^ 4th ed., Leopold Voss, Leipzig, 1932, 
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Other metallic coatings such as sherardizing (Zn), calorizing (Al), 
chromizing, siliconizing, and metal spraying are more expensive than 
hot-dipped coats but offer advantages in certain cases. 

There are many nonmetallic film coatings such as parkerizing, bonder- 
izing, blueing, blacking, etc., offering some protection for indoor service. 
Paints, lacquers, and greases offer fair protection, but for general out- 
door corrosion resistance none of them compares with hot-dip gal- 
vanizing. 
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BINARY CONSTITUTION DIAGRAMS* 

PLATES 


I 

11 

III 

IV 

V 

VI 

VII 

Ag-Al 

Al-Cr 

Au-Pb 

C-Mn 

Cu-Fe 

Fe-O 

Mg-Zn 

Ag-Au 

Al-Cu 

Au-Pd 

C-Ni 

Cu-Mg 

Fe-B 

Mn-Ni 

Ag-Cd 

Al-Cu 

Au-Pt 

C-W 

Cu-Ni 

Fe-S 

Mo-Ni 

Ag-Cu 

Al-Fe 

Au-Sn 

Ca-Pb 

Cu-() 

Fe-Si 

Mo-W 

Ag-Hg 

Al-Mg 

Au-Zii 

Cd-Cu 

Cu~B 

F(^-Sn 

Na-Pb 

Ag~Mg 

Al-Mn 

B-Fg 

Cd-Hg 

Cu-Pb 

Fe-Ti 

Ni-P 

Ag-Ni 

Al-Ni 

Be-(Xi 

Cd-Pb 

Cu-Pd 

Fe-V 

Ni-Pb 

Ag~Pb 

Al-Pb 

Be-Fe 

Cd-Sn 

Cu-Pt 

Fe-W 

Ni-Pd 

Ag-Pd 

Al-Sb 

Be-Ni 

Cd-Zn 

Cu-S 

Fe-Zri 

Ni~Pt 

Ag-Pt 

Al-Si 

Bi-Cd 

Co-Cr 

Cii-Si 

Fe-Zr 

Ni-Si 

Ag-Si 

Al-Sn 

Bi-Pb 

Co-Cu 

Cu-Sn 

Hg-Na 

Ni-Sn 

Ag-Sn 

Al-Zn 

Bi-Sb 

Co-Fe 

Cu-Zn 

Hg-Pb 

Ni-W 

Ag-Zn 

As-Pb 

Bi-Sn 

C(>-Ni 

Fe-Mn 

Hg-Sn 

Ni-Zn 

Al-Bi 

As-Sb 

C-Co 

Co-W 

Fe-Mo 

Hg-Zn 

Pb-Sb 

Al-Be 

Au~Cu 

C-Ct 

Cr-Cu 

Fg-N 

Li-Pb 

Pb-Sn 

Al-Cd 

Au-Hg 

C-Fe 

Cr-Fe 

Fe-Ni 

Mg-Mn 

Pb-Zn 

Al-Co 

Au-Ni 


Cr-Mo 


Mg-Ni 

Pt-Rh 




Cr-Ni 


Mg-Pb 

Sb-Sn 


Mg~Si Sb-Zn 

Mg-Sn Sn-Zii 

* For niore complete information on these and other binary systems consult the A.S.M. Afetah 
Ilandhook or Hansen’s “ Der Aufbau der Zweislofflegierungen,” published by Julius Springer, 1930. 
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Plate I. Ag-Al to Al-Co. 
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Plate II. Al-Cr to Au-Ni. 
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Plate III. Au~Pb to C-Fe. 
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Plate IV. C-Mn to Cr-Ni. 







Plate V. Cu-Fe to Fe-Ni. 
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Plate VI. Fe-O to Mg-Sn, 
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Plate VII. Mg-Zn to Sn-Zn. 





INDEX 


Achromatic objective, 101 
Admiralty metal, 226, 238 
Age hardening, 115, 247 
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Allotropic metals, 40 
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Alloy cast irons, 212 
Alloy phases, intermediate, 18, 19 
Alloy steels, defined, 160 

classification of commercial, for serv- 
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Alloy systems, 17 
number of possible, 17 
Alloying elements, effect of, in bronze, 
236 

in cast iron, 212, 213 
in steel, 153, 162-165, 169 
Alloys, 1 

classification of, 17 
compounds, 18 
mixtures, 20 
solid solutions, 19 
freezing point of, 21 
light metal, 241 
magnet, 192 
melting point of, 21 
relative merit of, in steel, 164-165 
thermal analysis, 21 
Aluminum, 241 

alloying element in alloy steels, 162 
effect on cast iron, 213 
galvanic series of metals, 269 
in casting brasses and bronzes, 233 
in die castings, 250 
in electrical resistance alloys, 258 
in magnesium alloys, 254-255 
in nickel alloys, 25(>-257 
in wrought copper-base alloys, 226 
periodic arrangement of elements, 6 
physical constants, 2, 3 
properties of commercially pure, 221 
recrystallization temperature, 112 


Aluminum alloys, 246 
binary constitution diagrams, 275-277 
casting, composition and properties, 
244-245; 249 
heat treatment, 247 
wrought, (composition and properties, 
242-243; 247 
Aluminum bronze, 238 
A.I.S.I. (Am.Ir.St.Inst.), heat-resisting 
steels, 180-182 
high speed steels, 186 
stainless steels, type numbers, 179 
standard steels, 175-178 
American tool steels, 183-186 
Angstrom units, 15 
Annealed carbon steel series, 143 
Annealing, 111, 115, 136, 140, 141 
process, 141 

Annealing cast iron, 217 
Annealing copper-gold alloys, 115 
Annealing twins, 108 
Apochromatic objectives, 101 
Atomic per cent — weight per cent, 35 
Atomic planes, 14 
Atoms, 7 
metallic, 7 
Austempering, 156 
Austenite, 131, 149, 53 
isothermal transformation of, 158 
Austenite transformation in eutectoid 
carbon steel, 161 

Babbitt, 262 
Bainite, 159 
Bearing bronzes, 265 
Bearing-metal alloys, 261 
cadmium-base, 265 
copper-base (bronzes), 265 
graphite bearings, 267 
lead-bjise babbitt, 263 
lead-calcium, 264 
oil-impregnated, 267 
properties, 264 
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Bearing-metal alloys {Continued) 
tin-base, 262 
white-metal, 262 

Beilby’s amorphous metal hypothesis, 
109 

Beryllium, in wrought copper-base al- 
loys, 226 

periodic arrangement, 6 
physical constants, 2, 3 
Beryllium alloys, binary constitution dia- 
grams, 275, 276, 278 
Beryllium bronze, 240 
Ber>dlium-copper alloys, 240 
Binary constitution diagrams, 24, 275- 
282 

Binary systems, 17 
number of, 17 

Bismuth, in wrought alloys of alumirnim, 
242-243 

periodic arrangement, 6 
physical constants, 2, 3 
properties of commensal, 221 
Bismuth alloys, binary constitution dia- 
grams, 275, 276, 278 
Body-centered cubic, 11 
Bolting material, 193 
Box carburizing, 202 
Bragg’s law, 13 
Brasses, 225 

cast, composition and properties, 231, 
233 

microstructure, 230 
season cracking, 228 
wrought, composition and properties, 
225, 226 

Brinell hardness, 59 
Brittleness, 59 
Bronzes, 234 
aluminum, 238 
bearing, 265 
beryllium, 240 

cast, composition and properties, 
233 

commercial, 231 

effect of alloying elements on, 236-237 

manganese, 234 

microstructure, 236 

silicon, 240 

statuary, 238 

tin, 234 


Bronzes {Continued) 

wrought, composition and properties, 
226 

Cadmium, galvanic; series, 269 
periodic arrangement, 6 
physical constants, 2, 3 
properties of commercially pure, 221 
recrystallization temperature. 111 
Cadmium alloys, binary (!onstitution 
diagrams, 275, 276, 279 
Cadmium-base bearing metals, 265 
Cadmium-zinc system, 33 
Carbon-iron constitution diagrams, 127, 
129, 275, 278 

(.'arbon tool steels, heat treatment, 156 
Carburizing, mechanism of, 202 
methods of, 202 
gas, 204 
liquid, 207 
pack, 202 

Case hardening, 202 
Casette, 15 
Cast iron, 209 

gray, 210, 211, 212 
growth of, 214 
malleable, 216, 21(S 

pearlitic malleable, 219 
white, 215 

Cast steel, heat treatment, 135 
properties, 135 
types, 131 
castings, 131, 132 
fusion welds, 131 
ingots, 131 

Castings, steel, 131, 132 
Caustic embrittlement, 270 
Cementation, 202 
Cementite, 144 
Centigrade to Fahrenheit, 48 
Chilled iron, 216 
Chromatic aberration, 100 
Chromel-alumel thermocouple, 51 
Chromel-X-copel thermocouple, 51 
Chromium, see also “ Alloy Steels,” 
Chap. IX 

alloying element in alloy steels, 162 
effect on cast iron, 213 
galvanic series of metals, 269 
in electrical resistance alloys, 258 
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Chromium {Continued) 
in nickel alloys, 256-257 
in thermocouples, 50 
inwrought alloys of aluminum, 242-243 
periodic arrangement, 6 
physical constants, 2, 3 
properties of commercially pure, 221- 
222 

Chromium, alloys, binary constitution 
diagrams, 275, 277-279 
Coatings, metal, 272 
Cobalt, allotropic, 40 
in electrical resistance alloys, 258 
in nickel alloys, 256-257 
periodic arrangement, 6 
physical constants, 2, 3 
properties of commercially pure, 221- 
222 

Cobalt alloys, binary constitution dia- 
grams, 275, 276, 278-279 
Cold working, 106 
Color filters, 103 
Columnar structure, 9, 10 
Compounds, 18 
intermetallic, 18 
Conical illumination, 100 
Constitution diagrams, 22, 24, 275-282 
binary, 24 
types of, 1, 24 

II, 27, 30, 34 

III, 25 

IV, 37 

cadmium-zinc, 33 
copper-nickel, 22, 23 
copper-tin, 234 
copper-zinc, 224 
iron-carbon, 127, 129 
iron-chromium, 170 
methods of working out, 47 
silver-copper, 30 
ternary, 43 
Cooling curves, 21 
differential, 22 
direct rate, 22 
inverse rate, 21 

temperature-time, 21, 117, 152 
Cooling velocities, 144, 148 
Copper, 220 

alloying element in alloy steels, 162 
commercial grades, 223 


Copper {Continued) 
effect on cast iron, 213 
galvanic series, 269 
in bearing metal alloys, 263-265 
in casting alloys of aluminum, 244-245 
in casting brasses and bronzes, 233 
in die castings, 250 
in nickel alloys, 256-257 
in thermocouples, 50 
in wrought alloys of aluminum, 242- 
243 

in wrought copper-base alloys, 226 
periodic arrangement, 6 
physical constants, 2, 3 
properties of commercially pure, 221, 
222 

Copper alloys, binary constitution dia- 
grams, 275, 276-280 
Chopper and copper-base alloys, 220 
C'opper-base alloys, properties, 223 
cast, 233 
wrought, 226 

Copper-base bearing bronzes, 263 
Copper-constantan thermo(!Ouples, 50 
Copper-gold alloys, annealing, 115 
C'opper-nickel constitution diagram, 22 
( opper-tin constitution diagram, 234 
("opper-tin-zinc (gun metal), 238 
Copper-zinc constitution diagram, 224 
Corrosion, 268 
effect of stress on, 270 
electrolytic, 268 
fatigue, 70 

intergranular (intercrystalline), 270 
in Everdur bronze, 271 
in lead shot, 270 
in stainless steel, 270 
of iron and steel, 272 
protection by coatings, 272 
Corrosion- and heat-resistant steels, 180- 
182 

Critical points in steel, 130 
Crystal growth, 11 
Crystal structure, 1 1 
body-centered cubic, 11 
face-centered cubic, 11, 106 
hexagonal close packed, 11, 107 
Crystal systems, 11 
Crystallization, 8 
Crystallographic planes, 12 
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Crystals, single, 113 
Cyaniding, 207 

Darkfield illumination, 100 

Dendrite, 8, 25 

Density by x-rays, 15 

Dental gold alloy, hardening, 19, 43, 115 

Dezincification, 229 

Die castings, 250, 253 

Differential curve, 22 

Diffraction pattern, 14 

Drawing or tempering, 154 

Ductility, 59 

Duralumin, 247 

Effect of alloying elements, in bronze, 236 
in cast iron, 212, 213 
in steel, 162-165 
Effect of stress on corrosion, 270 
Effect of temperature on me tals, 110 
Elastic limit, 55 

Electrical resistance wires, 25<S, 261 
Electrochemical series, modihed, 269 
Elements, defined, 1 
grain refining, 169 
periodic arrangement, 6 
physical constants, 2, 3 
used in alloy steels, 162-163 
amounts of, 164 
effects of, 165 
Elongation, 57 
Endurance limit, 67 
Equiaxed, 9 

Equicohesive temperature, 110 
Etch figures, 10 
Etching, 79 
macro-, 79, 86-91 
micro-, 79, 80-85 
Patching pits, 10 
Etching reagents, 80-97 
Etching test, hot, 74 
Eutectic, 28 
Eutectoid, 42 
Everdur, 240, 271 
Eyepieces or oculars, 100, 105 

Face-centered cubic lattice, 11 
Fahrenheit to centigrade, 48 
Fatigue of metals, 65 
corrosion fatigue, 70 


Ferrite, 119, 131, 144 
Flow and forging lines, 74 
Fracture test, 72 
Freezing of metals, 8 
PYeezing point of alloys, 21 

Galvanic series of metals, 269 
Gamma loops, 169 
Gas carburizing, 204 
Germination, 113 
Ghost lines, 119 
Gold, galvanic series, 269 
periodi(! arrangement, 6 
physical constants, 2, 3 
properties of comnawcially pure, 221 
reerystallization, 111 
Gold alloys, binary (jonstitution dia- 
grams, 275, 276-278 
Grain, 9 

Grain growth, 113 
Grain refining elements, 169 
Grain size — austenite, 153 
Grain size, McQuaid-Ehn test for, 72 
standards, 72 

Graphite-bronze bearings, 267 
Graphite flake classification, 214 
Graphitic steel, 173, 189 
Gray cast iron, 210, 211, 212 
Grinding crac^ks, 73 
Gun metal, 238 

Had field manganese steel, 173 
Hardenability, 166 
Hardening, 145, 146 
depth of, 152 
Hardness, 59 
Brinell, 59 
conversion table, 64 
microcharacter, 63 
mohs, 60 

Knoop indenter, 61 
Rockwell, 62 
Shore, 63 
Vickers, 61 

Heat treatment, of carbon tool steel, 156 
of steel, 139, 161 

after carburizing, 205, 207 
effect on mechanical properties, 133 
of steel castings, 135 
size or mass of specimen, 152 
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Hexagonal close-packed latti(;e, 11 
High speed steel, 186 
High temperature steels, 180, 193 
Hooke's law, 55 

Inclusions, 119, 138 
Ingot iron, composition, 118 
Ingots, 124, 131 
molds, 125 

Inspection and control, 71 
tests listed, 74 

Intermediatti alloy phas(^s, 18, 10 
Intermediate solid solutions, 18 
Intermetallic compounds, 18 
Internal fissures, 68 
International temperature scale, 48 
Inverse rate cooling curve, 21 
Iron, allotropic, 40, 117 
chilled, 216 
galvanic, series, 269 
high purity, 117 

in casting alloys of aluminum, 244-245 
in casting brasses and bronzes, 233 
in electrical resistance alloys, 258, 261 
in nickel alloys, 256-257 
in thermocouples, 50 
in wrought copper-base alloys, 226 
mechanical properties, 120, 121 
periodic arrangenuait, 6 
physical constants, 2, 3 
properties of commercially pure, 221- 
222 

recrystallization. 111, 112 
volume changes, 118 
Iron alloys, see Chap. IX 
Iron-carbon constitution diagram, 127, 
129, 275, 278 

Iron-chromium constitution diagram, 
170 

Iron-constantan thermocouple, 50 
Iron-iron carbide constitution diagram, 
127 

Isothermal transformation of austenite, 
158 

Killed steel, 122 
Knoop indenter, 61 

Lead, galvanic series, 269 
in bearing-metal alloys, 263-265 


Lead (jConlinued) 

in cast brasses and bronzes, 233 
in die castings, 250 
in wrought copper-base alloys, 226 
periodic arrangement, 6 
physical constants, 2, 3 
properties of commercially pure, 221- 
222 

recrystallization. 111 
Lead alloys, binary constitution dia- 
grams, 275, 276-282 
Lead-base babbitts, 265 
Lead-calciurn bearing metals, 264 
Leaded bronzes, 237, 238 
Lead shot, intergranular corrosion, 270 
Ledeburite, 215 
Lenses, 101 

Light metal alloys, 241 
Liquid carburizing, 207 
Liquidus, 23 

Low-alloy high-yield-strength steels, 173 
Liiders' lines, 109 

Macroscopic examination, 72, 86-91 
Magnesium, 241 
galvanic series, 269 
in cast alloys of aluminum, 244-245 
in die castings, 250 

in wrought alloys of aluminum, 242- 
243 

periodic arrangement, 6 
physical constants, 2, 3 
properties of commercially pure, 221- 
222 

recrystallization. 111 
Magnesium alloys, 251 
binary constitution diagrams, 275, 
276-277, 280-282 

composition and properties, 252, 254- 
255 

Magnet alloys, 192 
Magnet steels, 192 

Magnetic iron-nickel base alloys, 190-191 
Magnetic powder test, 72 
Magnification, 103 
Malleability, 59 
Malleable cast iron, 216, 218 
Manganese, allotropic, 40 
alloying element in steels, 162; see also 
“ Alloy steels," Chap. IX 
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Manganese {Continued) 
effect on cast iron, 213 
in cast brasses and bronzes, 233 
in magnesium alloys, 254-255 
in nickel alloys, 256-257 
in wrought alloys of aluminum, 242- 
243 

periodic arrangement, 6 
physical constants, 2, 3 
Manganese alloys, binary constitution 
diagrams, 275, 277, 279-282 
Manganese bronze, 234 
Martensite, 147, 153 
McQuaid-Ehn test for grain size, 72 
Mechanical properties, 55 
aluminum alloys, 226, 233 
annealed carbon steel, 144-146 
commercially pure metals, 221 
comparison, 123 
copper-base alloys, 226, 233 
iron, 120 

magnesium alloys, 254-255 
malleable cast iron, 218 
medium-carbon steel, 133, 157 
nickel alloys, 256-257 
steels at low temperature, 198 
Mechanical twins, 108 
Metallography, defined, 1 
Metalloids, 1 
Metals, 1 
allotropic, 40 

commercially pure, properties, 221, 222 
freezing of, 8 
galvanic series of, 269 
Microcharacter, 63 

Microexamination, preparation of 
samples for, 76 
grinding, 77 
mounting, 76 
polishing, 78 
Microscopes, 100 
metallurgical, 100 
Microscopic examination, 75 
Microsections, polishing of, 78 
Microstructure and quenching, 148 
Miller indices, 12 
Mixtures, mechanical, 20 
Modulus of elasticity, 58 
Modulus of resilience, 69 
Modulus of rupture, 58 


Mohs hardness, 60 

Molybdenum, see also all of Chap. IX 
alloy element in steel, 162 
effect on cast iron, 213 
in electrical resistance alloys, 268 
periodic arrangement, 6 
physical constants, 2, 3 
properties of commercially pure, 221- 
222 

recrystallization. 111 
Molybdenum alloys, binary constitution 
diagrams, 275, 279, 282 
Monel metal, 259 
Mounting specimens, 76 
Muntz Metal, 229, 232 

Neumann bands, 108 
Nickel, 253; see also “ Alloy steels,” 
Chap. IX 

alloying element in steels, 162 
effect on cast iron, 213 
galvanic series, 269 
in bearing metal alloys, 260 
in cast alloys of aluminum, 244-245 
in casting brasses and bronzes, 233 
in electrical resistance alloys, 258 
in thermocouples, 50 
in wrought alloys of aluminum, 242- 
243 

periodic arrangement, 6 
physical constants, 2, 3 
properties of commercially pure, 221- 
222 

recrystallization. 111 
Nickel alloys, 253 

binary constitution diagrams, 275, 
276-282 

cast, properties, 256-257 
wrought, properties, 256-257 
Nickel-beryllium alloys, 268 
Nickel-bronze, 259 
Nickel-copper alloys, 259 
Nickel-iron alloys, 197 
Nickel-manganese alloys, 258 
Nickel silver, 259-260 
Nitriding, 208 

Nonferrous metals and alloys, 220 
Normalizing steel, 142, 145 
Nuclei formation, 8 
Numerical aperture, 101 
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Objectives for metallurgical microscopes, 
104 

achromatic, 104 
apochromatic, 104 
fluorite, 104 

properties of, depth of focus, 104 
flatness of field, 105 
illuminating power, 104 
initial magnification, 104 
numerical aperture, 104 
resolving ptjwer, 101 
useful magnifications, 104 
Oculars or eyepieces, 105 
compensating, 105 
Oil immersion objectives, 102 
Optical principles, 100 
Optical pyrometer, 49 
Ordered solid solutions, 20 

Pack carburizing, 202-203 
Palladium, periodic arrangement, 6 
physical constants, 2, 3 
properties of commercially pure, 221- 
222 

Palladium alloys, binary constitution 
diagrams, 275, 276, 278, 280, 282 
Patterns, x-ray diffraction, 12 
Pearlite, 127, 131, 142, 144 
Pearlitic malleable, 219 
Periodic arrangement of elements, 1 , 6 
Peritectic reaction, 35 
Peritectoid, 41, 42 
Permanent magnet steels, 192 
Permanent mold castings, 250 
Phase, defined, 17 

composition of. Rule I, 26 
proportion of. Rule II, 26 
Phase rule, 28 
Phases in steel, 131 
Phosphorus, in bronze, 236 
in cast iron, 210 
in steel, 119 
in wrought iron, 119 
Physical properties, defined, 55 
Pig iron, 210 
Pipe, 193 

Pitting, corrosion, 269 
Plastic deformation, 11, 107 
Plastic mounting, 76 
Platinum, galvanic series, 269 


Platinum (Continued) 

in electrical resistance alloys, 258, 261 
periodic arrangement, 6 
physical constants, 4, 5 
properties of commercially pure, 221- 
222 

recrystallization, 111 
thermocouples, 50 

Platinum alloys, binary constitution dia- 
grams, 275, 276, 280, 282, 288 
Poisson’s ratio, 57 
Polyhedral grains, 9 
Polymorphic, 11 

T’olymorphic transformations, 38 
Precipitation hardening, 247, 250 
of magnet alloys, 192 
Precipitation heat treatment, 247, 250 
Proportional limit, 55 
Pyrometer, defined, 48 
optical, 49 
radiation, 49 
thermocouple, 49 

Quenching media, 153 

Recrystallization, 111, 112 
Reduction of area, 57 
Resolving power, 101 
Rimming steel, 122 
Rockwell hardness, 62 

Sample preparation, 76 
S-curve, 158 

Season cracking, 228, 270 
Soger cones, 49 
Shore scleroscope, 63 
Shrinkage, 132 

Silicon, alloy element in steel, 162, 164, 
169, 191 

effect in cast iron, 213 
in cast aluminum alloys, 244-245, 249 
in cast brasses and bronzes, 233 
in nickel alloys, 256-257 
in wrought alloys of aluminum, 242- 
243 

in wrought copper-base alloys, 226 
periodic arrangement, 6 
physical constants, 4, 5 
Silicon alloys, binary constitution dia- 
grams, 275, 276-277, 280-282 
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Silicon-bronze, 233, 240 
Silver, galvanic series, 269 
in bearing metal alloys, 261 
periodic arrangement, 6 
physical constants, 4, 5 
properties of commercially pure, 221- 
222 

recrystallization, 111 
Silver alloys, binary constitution dia- 
gram, 275, 276 
Silver-copper system, 30, 31 
Slip interference, 106 
theory, 109 
Slip planes, 11, 106 
S.A.E. steels, 175-178 
Solid solution, 19 
intermediate, IS 
interstitial type, 20 
ordered, 23, 42 
Solution heat treatment, 247 
Sorbite, 156 
Space lattice, 8 
symmetry of, 11 
types, 11 
Spark test, 74 
Spherical aberration, 100 
Spheroidizing, 141 
Stainless steel, 171, 179, 180, 182 
intergranular corrosion, 270 
State of matter, 17 
Statuary bronze, 238 
Stead ite, 213 
Steel, 123 

cooling velocity, 148 
critical points in, 130 
graphitic, 173, 189 
heat-resisting, 180-182 
high speed, 186 
hypoeutectoid, 129, 130 
low-alloy high-yield-strength, 173 
low temperature, 198-201 
magnet, 192 
magnetically soft, 191 
mechanical properties of annealed 
carbon, 144-146 
medium-carbon, 157 
microconstituents of, 130, 131 
austenite, 131, 148, 149, 153 
Bainite, 159 
cementite, 131, 141, 144 


Steel {Continued) 

ferrite, 119, 131, 142 
martensite, 149, 156 
pearlite, 127, 131, 142, 144 
sorbite, 156 

spheroidized carbide, 141, 156 
tempered martensite, 149 
troostite, 147, 155 
normalizing, 142, 145 
permanent magnet, 192 
phases in, 131 

properties of, effect of treatment, 142, 
147 

structural, 169, 172 
tempering, 137, 154 
transformation p<jints, 129, 130 
types, 122, 172 

fully deoxidized or killed, 122 
rimming, 122 
semideoxidized, 122 
valve and valve-seat, 194-196 
weldability of, 167 
Steel castings, 132 
Strain, 55 

Strain hardening, 106 
Strain relief. 111 
Stress, 55 

Stretcher strains, 109 
Structural steels, 169, 172 
Sulfur, in cast iron, 214 
in steel, 119 
in wrought iron, 119 
Supercooling, 21 
Superlattice, 20, 42 
Superlatti(;e structures, annealing, 115 
Suppressed transformation, 42 

Tantalum, periodic arrangement, 6 
physical constants, 4, 5 
properties of commercially pure, 221- 
222 

recrystidlization. 111 
Temperature, effect on metals, 110 
equicohesive, 110 
measurement of, 48 
Temperature scale, centigrade, 48 
Fahrenheit, 48 
Tempering steel, 137, 154 
Tensile properties, aluminum alloys, 242, 
244 
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Tensile properties {Continued) 
annealed carbon steel, 144-146 
commercially pure metals, 221-222 
copper-base alloys, 226, 233 
magnesium alloys, 254-255 
medium-carbon steel, 157 
nickel alloys, 256-257 
oil-hardening alloy steel, 167 
steels at low temperatures, 198, 201 
water-hardening alloy steel, 166 
Tensile strength, 57 
Ternary constitution diagrams, 43 
Ternary systems, 43, 46 
number, 17 

Tests for inspecting, 74 
Tliermal analysis, of alloys, 21 
Thermocouples, 49 
biise metal, 50 
calibration, 51, 52 
chromel-alumel, 51 
chromel-X-copel, 51 
copper-constantan, 50 
noble metal, 50 
Thermometers, 48 
electrical resistance, 49 
expansion, 48 

Time-temperature cooling curve, 21 
Tin, allotropic, 40 
galvanic; series, 269 
in bearing metal alloys, 265 
in cast brasses and bronzes, 233 
in die castings, 250 
in wrought copper-bjuse alloys, 226 
periodic arrangement, 6 
physical constants, 4, 5 
properties of commercially pure, 221- 
222 

rccrystallization, 111, 112 
Tin alloys, binary constitution diagrams, 
275, 276-282 
Tin-base babbitts, 262 
Titanium, alloying element in steel, 162 
effect on cast iron, 212 
in nickel alloys, 256-257 
periodic arrangement, 6 
physical constants of, 4, 5 
Tool steels, 183-188 
Torsional strength, 58 
Toughness, 59 

Transformation points of steel, 130 


Transformations in solid alloys, 39 
Transformations in solid state, 38 
Transformations at sub-critical tempera- 
tures, 158 

Transition point, 35 
Troostite, 147, 155 
Tungsten, see also all of Chap. IX 
alloy element in steel, 162, 169 
periodic arrangement, 6 
physical constants, 4, 5 
properties of commercially pure, 221- 
222 

recrystallization, 111 
Tungsten alloys, binary constitution dia- 
grams, 275, 279, 281-282 
Twins, 107 
Twisting test, 72 

Ultraviolet microscopy, 103 
Unit cell, 11 
Upsetting test, 71 

Valence-electron concentration, 18 
Valve and valve-seat steels, 194-196 
Vanadium, alloying clement in steel, 162 
effect on cast iron, 213 
periodic arrangement, 6 
physical constants, 4, 5 
Vanadium alloys, binary constitution 
diagram, 275, 281 
Vickers hardness, 61 
Visual examination, 71 

Wax wheel for fine grinding, 77 
Weight per cent to atomic per cent, 35 
Weldability of steel, 167 
White cast iron, 215 
White-metal bearing alloys, 262 
Widmanstatten structure, 134 
in Muntz Metal, 232 
ill steel, 134 

Wrought iron, 119, 122, 123 

X-ray diffraction, 12 
X-rays, 12 
applications, 16 

Yield point, 57 
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Zinc, galvanic series, 269 
in bearing metal alloys, 265 
in casting alloys of aluminum, 244-245 
in casting brasses and bronzes, 233 
in die castings, 250 
in magnesium alloys, 254-255 
in nickel alloys, 250-257 
in wrought copper-base alloys, 226 
periodic arrangement, 6 
physical constants, 4, 5 
properties of commercially pure, 221- 
222 


Zinc (Continued) 
recrystallization. 111 
Zinc alloys, binary constitution dia- 
grams, 275, 276-282 
Zinc die casting alloys, 253 
Zirconium, effect on cast iron, 212 
periodic arrangement, 6 
physical constants, 4, 5 
properties of commercially pure, 221- 
222 






